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ABSTRACT 


Using the Alberta rotational viscometer contained within a 
modified temperature control cabinet, the rheological behaviour of a 


non-Newtonian thixotropic model has been investigated at 60°F, 


The model, a commercial light oil into which a partially refined 
wax fraction was dissolved, owes its rheological characteristics at test 
temperature to a loosely bonded network of wax crystals or wax clusters. 
The network structural properties, and hence, the rheological behaviour of 
the model, were shown to be markedly dependent upon (i) temperature, 

(ii) sample handling procedure, including rate of cooling to test tem- 
perature, and (iii) duration of curing at test temperature. 

Utilizing the influence of the above variables on network for- 
mation characteristics, two distinctly different networks were prepared at 
test temperature. The first network was prepared by quick quenching a 
test sample from 85°F to 60°F and then curing the sample at this tempera- 
ture for four hours; the second network was prepared by slow cooling a 
prepared sample from 85°F to 60°F at 0.43°F/minute and then curing the 
sample for four hours. 

The resultant networks were subjected to each of several constant 


1 to 320 sec, and the structural. shear 


shear rates, ranging from 20 sec 
degradation characteristics measured for periods of up to four hours. 
Subsequently, the experimental data was processed and correlated 
on the basis of a theory of thixotropic behaviour proposed by R.A. Ritter 
(Giver Theory of Thixotropic Behaviour: Ph.D. Thesis, University of Alberta, 


Edmonton (1961) ). 
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Correlation of the slow cooled sample thixotropic curves proved 
most satisfactory with an average deviation of only 1.8 percent between 
experimentally measured and predicted curves. However, primarily due to 
a reproducible "hump" on otherwise regularly defined experimental curves, 
correlation of the quick quenched sample experimental results was less 
satisfactory. For this latter case maximum deviations between predicted 
and experimental results were as high as 13.2 percent (i.e. overall average 
deviation of 5.0 percent) which was more than double the estimated cumu- 
lative experimental and correlative error of 5 percent. 

Thus, it was concluded, that at its present stage of development, 
the Theory of Thixotropic Behaviour correlates and predicts the shear 
degradation characteristics of specific thixotropic networks only. To 
include behaviour such as was measured for quick quenched sample net- 


works, further development and extension of the Theory is required. 
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INTRODUCTION 


Rheology, by definition and in scope, is concerned with the study 
of deformation and flow of matter. The rheological range of interest in- 
cludes hydro- and aerodynamics, and in diversity, extends from the creep 
properties of concrete columns to the lubrication characteristics of air. 
In practice, however, the term has generally been used to refer to a some- 
what narrower field; namely, the study of the rheological properties of 
those materials, mainly of industrial importance, which show a behaviour 
intermediate between those of solids and simple liquids. In this latter 
sense, rheology is concerned with the stress-strain-time relations in 
such materials and with the influence of such factors as temperature upon 
them. 

Rheological behaviour and rheological measurements have generally 
been interpreted by, and are of interest to; the physical chemist, whose 
primary interest is at the submicroscopic level dealing with molecular 
interactions; the mathematician, who attempts to formulate ideal flow 
models with properties similar to those observed in rheological experiments; 
and the engineer who, from necessity, must develop design equations which 
accurately predict rheological behaviour. 

Considering only the requirements of the last mentioned profession, 
it is interesting to note that the rate of progress in developing suitable 
rheological design equations has been remarkably slow. In fact, the only 
notable recent achievements (2,3,4) have been restricted to that class of 
anomoLlous fluids (i.e. non-Newtonian fluids) whose flow behaviour is 


independent of time. 





Recently, however, a state equation has been presented*(1) for anomo- 
lous fluids whose flow characteristics include time as a pertinent variable. 
This equation, based on a mechanistic mathematical flow model, defines the 
rheological behaviour of thixotropic fluids; that is, fluids whose consistency, 
under prolonged shear, decreases with time. The usefulness of this equation 
was subsequently demonstrated(1) when experimental thixotropic shear stress 
measurements obtained from a naturally occurring thixotropic material, Pem- 
bina crude oil, were correlated within £3 percent. 

However, since only the thixotropic decay curves from one material 
(Pembina crude oil) had been correlated, the general applicability of the 
design equation with respect to other thixotropic substances was unknown. 

As well, one of the assumptions of the theory, that of a limiting thixotropic 
shear stress, had not been experimentally verified. Therefore, strong 
incentives existed for the experimental examination of other thixotropic 
materials and thereby, of further examination of the proposed state equation. 

To this end, an experimental program was designed with the following 
objectives: (i) to prepare an artificial thixotropice substance which, since 
its constituents would be predetermined and varied as desired, could, for 
all practical purposes, be considered a thixotropic model; (ii) to measure 
the rheological behaviour of the model with specific emphasis on the 
measurement of thixotropic decay curves; and, (iii) to correlate the mea~ 
sured thixotropic curves on the basis of the proposed state equation (1). 

An additional and pre-requisite objective was the modification of existing 


rheological testing apparatus. 


* Ritter, R.A.: "Theory of Thixotropic Behaviour"; Ph.D. Thesis, University 
of Alberta, Edmonton, Alberta (1961). 


During the subsequent program, a suitable thixotropic model was 
prepared and tested using modified experimental equipment. The test results 
were interesting since although one set of experimental thixotropic curves 
was correlated satisfactorily by the proposed equation, a second set was 
not. In addition, several interesting observations were made concerning 
the preparation and rheological behaviour of the model which undoubtedly 


will be of interest to following investigators. 











INTRODUCTION TO RHEOLOGICAL CLASSIFICATION OF FLUIDS 


Deformation is a movement or displacement of parts or particles of 
a material body relatively to one another such that the continuity of the 
body is not destroyed. The term is used both for a relative displacement 
in progress and for the state of displacement reached at any instant of 
time. 

If under the actions of a constant finite force, the deformation of 
a body increases with time continuously and indefinitely, the material is 
said to flow. For such a condition, acceleration of body parts will con- 
tinue until a steady rate of deformation is reached. If at this state, 
the body does not require forces to maintain deformation for a finite 
period, then the body may be classed as an "ideal" liquid. 

Dependent solely upon the force field and environmental conditions, 
any material may be caused to flow. Real materials, of which the "ideal" 
liquid may be considered as the limiting case, exhibit a whole spectrum of 
rheological behaviour, ranging from dependence upon the rate of deformation 
and the deforming force to dependence only upon the extent of deformation 
(i.e. an elastic solid). There is an infinite variety of intermediate 
types of rheological behaviour, and in general, any classification of such 
behaviour in a rheologically consistent pattern must remain inadequate and 
arbitrary. 

However, rheologists have often found convenience in categorizing 
materials in terms of their rheological equation of state, or in short, 
their rheological equation. Such a classification requires that the 
rheological behaviour of a material be approximated by an equation between 


stress, deformation, and their derivatives with respect to time. Parameters 
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appearing in the equation of state as coefficients or constants character- 

ize the material, while stress and deformation are rheological variables. 
As an introduction to specific rheological equations, consider for 

example, a thin layer of fluid between two parallel planes (of area A), 


woe 


a distance y apart, as illustrated below: 


The bottom plane is fixed while the upper plane is being subjected 
to a constant force, F. At steady state conditions, the moving plate will 
reach a constant velocity, v, since the force F will be balanced by an 
opposite and equal force at the fluid-moving plate interface. If the fluid 
alone is considered, then a specific relationship will exist between the 
applied shear stress (i.e. where shear stress, 7 = F/A) and the fluid 
deformation. In view of this specification, rheologists(5) have found the 
following fluid classification convenient: 

Category lL: 
Fluids for which shear rate (i.e. dv/dy) depends only upon the im- 


posed shearing stress, T . 


where: dv/dy d(d&/at)/dy 


5 deformation, ft. 


t 


time, seconds 
Category 2: 
Fluids for which shear rate depends upon shear stress and the duration 


of the stress, t. 
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Category 3: 
Fluids for which shear rate depends upon shear stress and the extent 
of the deformation, 3. 

Category : 
Fluids for which shear rate depends upon shear stress and the inten- 
sity of an imposed magnetic field, H. 

Category 5: 
Fluids which must be considered as made up of discrete particles 
rather than continuous media. 
Since the latter two categories are not of further interest in this 

manuscript, only the first three classifications shall be described. 

Fluids of the first category have rheological properties independent 


of time, and may be described by a rheological equation of the form: 


Sw = £(T) (1) 


This equation implies that the rate of shear at any point in the 
fluid is a function only of the shear stress at that point. Conventionally, 
fluids with such behaviour have been further subdivided into three distinct 
types, dependent solely upon the nature of the function f(T) in Equation (1). 
In order of increasing complexity, these types are: 

(1) Newtonian fluids; 

(2) Pseudoplastic fluids; 

(3) Dilatant fluids. 

For a Newtonian fluid, the shear rate is directly proportional to the 


applied shearing stress, the functional relationship between these two 
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variables being expressed as: 


et 
- G (2) 


vi 


where the constant of proportionality Ly is called the Newtonian viscosity. 


It should be noted that this constant completely characterizes the rheological 
behaviour of the fluid. Examples of Newtonian fluids include most monatomic 
fluids, light petroleum oil fractions, etc. 

The flow behaviour of a pseudoplastic fluid is characterized by a 
marked non-linearity between shear rate and shear stress; that is, as shear 
rate increases, the ratio of shear stress to shear rate decreases. Usually 


this ratio, sometimes called the "apparent viscosity", p,, attains a limit- 
A 


ing value at very high shear rates, dependent of course, on the individual 
fluid being sheared. A typical example of such behaviour is shown in 
Figure (1). It should be noted that pseudoplastic behaviour occurs in many 
long chain polymer-solvent systems. 

On a logarithmetic plot of shear stress versus shear rate (Figure 1), 
the flow curve of a pseudoplastic material is often found to be linear over 
a fairly wide range of shear rates. Consequently, an empirical power law 
functional relationship has often been used(2,6) to approximate such behaviour. 


The assumed relation may be written as: 
av .@ 
Tes (=) (3) 
dy 


The theoretical significance of such an equation has been extensively 
debated(6) but for polymer-solvent systems, this phenomenon appears related 


to shear alignment and intermolecular interaction of long chain molecules 
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extending through a series of streamlines of flow. Because of such complex 
behaviour, a significant number of equations have been formulated to corre- 
late experimental measurements on pseudoplastic fluids. A few of the more 


common equations are: 


Byring(7) ‘T = A arcsinh (- = eb (4) 
B dy 

Powell - Eyring(8) Aiea (=) + B sinh+ (c x) (5) 

dy dy 
Prandt1(9) T= asin-t (Ss) (6) 
dy 

Ellis(10) We [a + a) | (= a) 

dy 


In these equations, A, B and C are positive parameters which must be 
numerically determined from experimental data. As such, the only criterion 
which can generally be used in selection of an appropriate flow equation is 
to determine, by trial and error methods, which equation reproduces the 
experimental data most accurately. 

Dilatant fluids exhibit an increase in apparent viscosity as shear 
rate increases. These fluids are very uncommon, and therefore, have received 
limited experimental or theoretical attention. In practice, the behaviour 
of these fluids could probably be defined by a suitable modification of a 
pseudoplastic equation of state. 

Before proceeding, one additional flow model has been proposed which 
satisfies the Category 1 definition. This is the Bingham Plastic which is 


characterized by the following equation: 
Ase dhgreToctyel ts (8) 
y 


where Tiss is an elastic yield stress and He is the plastic viscosity. 
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The actual existence of a fluid displaying these flow characteristics has 
never been proven, but since many real fluids (iver clay slurries) approxi- 
mate this behaviour, the concept is very convenient in practice. In ex- 
planation of this concept, it is assumed that a three-dimensional structure 
exists within the fluid of sufficient rigidity to resist any shear stress 


less than ‘Ty; when this stress is exceeded, the structure breaks down 


instantaneously and the system behaves similar to a Newtonian fluid under a 


shear stress of Crs nD). Such behaviour is illustrated schematically in 


Figure (1). 

Classifying this model in Category 1 may be criticized since the 
existence of a yield value implies that the material is dependent upon the 
deformation, 5. As well, the use of such an equation in practice appears 
limiting since actual physical systems to which the equation has been 
applied(11) are almost always simultaneously thixotropic(12,13). 

Fluids of Category 2, as defined,have sueolecienl characteristics 
dependent upon the magnitude and duration of shear rate. Conventionally, 
fluids in this category have been classified as thixotropic (decrease in 
shear stress at constant shear rate) or conversely, rheopectic. In fact, 
however, some thixotropic materials(13,14) are also dependent upon the 
extent of deformation, 5. Actually, as shall be discussed in a following 
Aashion (Experimental Determination of Rheological Parameters), the class- 
ification is arbitrary depending solely upon the experimental technique. 

When a thixotropic material is subjected to a constant shear rate, 
the measured shear stress decreases with time in a manner similar to that 


shown in Figure (2). Further, if experimental data at several shear rates 
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is cross-plotted, as indicated in Figure (2), then it is seen that the 
material is usually markedly non-Newtonian. A complete discussion and math- 
ematical interpretation of this behaviour is reserved for subsequent sections 
(Anomolous Behaviour, Structure Formation and Thixotropic Behaviour; Mathe- 
matical Theories of Thixotropic Behaviour); however, it is generally believed 
that thixotropic behaviour is a result of shear degradation of a loosely 
bonded molecular network. 

One additional aspect of thixotropic behaviour which has been ob- 
served(1,15,16) is that if, after shearing for a long period of time, the 
shear rate is suddenly reduced to a lower value, then the shear stress 
associated with the lower shear rate will increase over a period of time. 
Actually two characteristic shear stress growth phenomena have Been noted; 
"false-body' behaviour and thixotropic growth behaviour. This fact is 
Suitably illustrated in Figure (3) which reveals the difference in the two 
types of growth behaviours. 

Thixotropie and 'false-body' materials are not distinguishable 
from initial shear stress decay curves, since both exhibit a decline in 
shear stress at constant shear rate. However, the two materials can be 
separately distinguished if the rate of shear stress growth at lower shear 
conditions is measured. True thixotropic materials break down completely 
under the influence of significant stress, and behave similar to true liquids 
after the stress has been removed until such time as the structure starts 
reforming. On the other hand, 'false-body' materials exhibit a rapid in- 
crease in consistency immediately upon cessation of stress. Such behaviour 
has been attributed(15) to elastic stress rebound within the sheared molecules 


which is not present in thixotropic molecular systems. 
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FIGURE 3 Comparison Between Rate of Shear Stress 
Growth for Thixotropic and False-Body 
Materials 
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The previous discussion of 'false-body' elasticity leads naturally 
to an abbreviated discussion of Category 3 type fluids. Normally these 
fluids are classified as viscoelastic, since they possess both viscous and 
elastic properties. As a consequence of both of these latter properties, 
the rheological equations describing viscoelastic behaviour are differential 
equations. The general equation describing such behaviour may be written as: 
n 5 M : 
DyEitogD Tio )ocaipsp’s (9) 
i=0 j=0 
where: D is the differential operator, ad/dt; 5 is the fluid deformation. 
For actual fluids, this equation is very difficult to solve, even assuming 


that the values of the relative parameters (a, 8) could be obtained from 


experiment. 
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1) 
EXPERIMENTAL DETERMINATION OF RHEOLOGICAL PARAMETERS 


The experimental determination of rheological parameters is a 
pre-requisite to characterization of a fluid. To determine the necessary 
parameters, two experimental techniques have been consistently employed: 
(1) the capillary method and (2) the coaxial cylinder method. The relative 
merits and characteristics of these methods shall be discussed in sequence. 

The analysis of flow through a cylindrical tube for the measurement 
of rheological parameters was introduced by Poiseuille(18) and has been used 
extensively since. The predominant characteristic of this instrument is 
that fluid shear rate is not constant, but varies linearly from zero at 
the center of the conduit to a maximum value at the conduit wall. Con- 
sequently, the relationship between shear stress and shear rate must be 
deduced indirectly from experimental measurements of pressure gradient and 
volumetric flow rate. The interpretation of such results is not always so 
obvious, requiring in general a prior knowledge of the fluid rheological 
behaviour. However, such instruments have been used successfully to deter- 
mine the rheological parameters of Newtonian, pseudoplastic(2) and, with 
certain assumptions, of viscoelastic(19,20) fluids. The application of 
this instrument to the study of thixotropic behaviour has, to the know- 
ledge of this investigator, never been successfully accomplished. 

Perhaps the most versatile instrument for determining rheological 
parameters is the rotational coaxial cylinder viscometer. Use of this 
instrument permits a relatively direct determination of the experimental 
relationship between shear rate and shear stress. To do so experimentally, 


the entire sample is subjected to either, (i) uniform rate of shear, or 
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(ii) uniform shear stress, depending on the design of the individual in- 
strument. Since the methods of determining rheological parameters through 
use of this instrument are of further importance to the present study, the 
basis of such procedures shall be investigated in detail. As a preliminary 
step in such an investigation, consider the schematic view of a coaxial 


viscometer illustrated below: 


Ame iy i 





Torsion 
Wire 


-—----  ,  —— 


Bob 


Rotating 
Cup 





Initially, consider the annular space (ro - r1) to be filled with an 

anomolous fluid which can be described by the rheological equation: 
ae (1) 

In use, the cup is rotated at constant speed (w!) and the deflection 
of the torsion wire used to suspend the bob is measured. Subsequently, 
knowing the calibration constant of the wire, the moment (G) required to 
maintain constant fluid velocity against the fluid viscous resistance may be 


calculated. The shear stress at any point, r, across the annulus follows 


directly as: 








L7 


G 
A Gt) Ae ares (10) 


etrtr h 


By definition, shear rate is a function of the rheological behaviour of the 
fluid in the annulus. Consequently, a relationship must be developed to cal- 
culate shear rate as a function of the measured parameters (G,w') and the 
geometric dimensions of the viscometer. The conventional(21) development of 
such a procedure is as follows: the rate of shear across the annulus at a 


point"r“is given by: 


a dw 
ee a) (22) 
dy adr dx 0G 
Therefore, substituting Equations (10) and (11) into (1) gives, 
ad /;v G 
aaa) ee) (12) 


adr r omr-h 


Integrating this equation with the boundary conditions v = 0 at r = rz and 


w= row’ at r= Yo» the following is obtained; 


Ha) ) ae 
ae oar) Ts oS 


which by suitable manipulation may be reduced to: 


a 


2 
aed Gls) 
w = a aT aT (14) 


The solution of this equation is dependent upon the function £Gle)e 
However, a general solution to this equation has been derived by Pawlowski( 22) 
and Krieger and Maron(23). Using the latter investigators result, the solu- 


tion of Equation (14) may, for most practical cases (i.e. T/T, Gilgi2), be 


be simplified to: 
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dv hor Nr P) 
Gas Tones a | > hE a nA) + Bole = 1) (15) 
Yo I a 
where: 
2 2 
7 -r 2 7 
ESET OR 
ay ero 3 TP) 
2 
9 - 7 19 
2 1 2 
*2 eal 
and: 
dv ae 
(Fos _ = shear rate at bob wall, sec 
r‘w 
N = rotational cup speed, RPS 
Lo = radius of cup, ft. 
r) = radius of bob, ft. 
n = slope of a logarithmic plot of shear stress 


versus cup speed, at N 
Thus, if the geometrical parameters and dynamical measurements 
are available, the rheological curve of shear stress versus shear rate 
may be determined for any fluid exhibiting time independent shear behaviour. 
For the case of a Newtonian fluid (i.e. n = 1), Equation (15) 


reduces to: 


dv har Nro 
coo) (16) 
an 2 2 
Tea 3 
2 as 


which upon substitution into the Newtonian rheological equation of state 


(Equation 2) gives the Margules(6) Equation: 





iAax (eee) (17) 
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The characterization of a fluid with time-dependent flow behavior is 
considerably more complex than that of a time-independent fluid. This com- 
plexity is a consequence of the requirement that the fluid must be charac- 
terized in terms of three variables (time, shear rate and shear stress), 
whereas, in general, only two variables (of which time is one) may be ex- 
perimentally determined. Hence, rheological experiments must be so de- 
signed, and data interpretation techniques simultaneously developed as to 
permit indirect evaluation of the third variable (either shear rate of shear 
stress). A few of these techniques, as have been applied to thixotropic 
systems will be discussed. 

Traditionally, three experimental methods have been used to measure 
thixotropic behaviour in a coaxial viscometer: 

(1) Measurement of thixotropic decay at constant rotational cup 

speed (i.e. nearly constant shear rate)(1,16,2l); 

(2) Measurement of increase in shear rate using a constant shear 

stress(14,25); 

(3) Measurement of a hysteresis shear stress-shear rate curve by 

means of a programmed cup speed(26,27). 

Each has its own individual characteristics, but either of the first 
two methods is considered tonSignificantly superior to the third method. 
Two reasons supporting this conclusion are that (i) an inordinately complex 
mathematical expression is required to interpret results, and by necessity, 
such an expression must assume a pre-determined concept of thixotropic be- 
haviour; (ii) the continually changing bob inertial effects impose a limita- 
tion on early time measurements of thixotropic decay. This latter aspect 


has been discussed at considerable. length in a recent publication(28), and 
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an "inertial" criterion proposed, but the assumptions (i.e. Newtonian - 
thixotropic behaviour) severely limit its usefulness. 

Of the first two methods, neither would appear to possess any 
superior qualities. However, constant cup speed is more easily attain- 
able for long testing periods than the provision of constant shear stress, 
and, as shall be shown, interpretation of experimental measurements is 
facilitated by this method. 

One difference does exist between rheological parameters as measured 
by the two methods. This difference arises from the fact that some thixo- 
tropic materials have a yield value similar to that described for a Bingham 
plastic. If in a constant shear stress experiment, the experimental shear 
stress is much less than the yield value, then thixotropic behaviour will not 
be measured. Such a parallel comparison is not possible with the constant 
cup speed technique, since thixotropic behaviour mouiduhea say tiimitte shear 
rate. 

Assuming that the shear stress decay curve of a thixotropic material 
is measured as a function of time at constant cup speed, a fundamental prob- 
lem is the determination of the instantaneous shear rate associated with the 
measured shear stress values. This problem arises since, as previously des- 
cribed, shear rate is a function of the rheological behaviour of the sheared 
fluid, which in turn is a function of time. The problem is especially dif- 
ficult since the measured variables (time, shear stress) do not permit 
definition of the fluid rheological behaviour. Consequently, many previous 
investigators(16,24,25) have assumed that the thixotropic fluid is a time- 


dependent Newtonian fluid and calculated shear rate directly from the Margules 
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Equation (Equation 17). However, as shall be described below, a method has 
recently been developed(1) which permits the determination of instantaneous 
shear rate from the measured rheological behvaiour of a thixotropic material. 

In essence, the method is based on the Krieger-Maron procedure 
(Equation 15) for non-Newtonian fluids as adapted for time-dependent non- 
Newtonian fluids. That is, the behaviour of a thixotropic fluid, at any 
instant, is not unlike that of pseudoplastic fluid. The effect of time is 
merely that the fluid is converted from one characteristic pseudoplastic 
to another. The method requires measurement of thixotropic decay curves at 
each of several cup speeds. Shear stress values are then selected from the 
experimental data for each cup speed at a specific shear time. These stress 
values are plotted on logarithmic co-ordinates as a function of cup speed 
and a regular curve is drawn through the data points. The drawn curve is 
considered to representative of the rheological behaviour of the fluid at 
the selected shear time. The procedure is repeated for a number of represen- 
tative shear times until a series of curves of shear stress versus cup speed 
have been constructed*, Selection of the chosen shear times is completely 
arbitrary, but usually the times are chosen so as to provide a representative 
description of the original decay curve. 

To determine the instantaneous shear rate associated with the ex- 
perimentally measured shear stress and time, the Krieger-Maron procedure 
(Equation 15) is used directly. That is, the slope of a constant-time curve 
is determined at a specific cup speed. This slope, n, and the corresponding 


cup speed, N, are then substituted into Equation Sy) and the shear rate is 


* Such a procedure was used to treat experimental data in this manuscript; 
for examples of such plots, the reader is referred to Figures (42),(46) and 
(48), 
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calculated directly. The resultant shear rate then completes a data sub-set 
of “shear rate-shear stress-time”. 

The resultant subsets of data may then be plotted on logarithmic co- 
ordinates in terms of the variables, shear stress-shear rate, with time as 
a parameter.* To obtain shear stress values which would have been measured 
if the experiment had been conducted at constant shear rate, the desired 
vertical ordinate is chosen and the desired values of shear stress-time are 


selected at the intersections of this ordinate with the smoothed curves. 


* Figures (43, (47) ana (49). 
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ANOMOLOUS BEHAVIOUR, STRUCTURE FORMATION 
AND THIXOTROPIC BEHAVIOUR . 

The qualitative aspects of anomolous behaviour and the consequences 
of structure formation shall be discussed in this section. Such discussion 
will not include specific theoretical results but will provide background 
which will be useful in following sections. 

The fundamental unit in rheological analysis and behaviour is the 
particle, an arbitrary term denoting the discrete members of a dispersed 
phase within a continuous carrier vehicle. The dependence of rheological 
behaviour on the particle has been experimentally determined as due to the 
following particle factors(29): 

1. whe shape, size and mass of the particle or solute molecule; 

2. The size and molecular weight distribution of the particles; 

3. The hydrodynamic volume actually occupied by the particles; 

4, The internal flexibility and ease of deformation of the particles; 

5. The thermodynamic conditions in the system; 

6. The concentration of particles. 

To abbreviate and direct alg dueslencuene pertinent lines, consider 
a system of asymetrical particles of colloidal size for which the first 
five factors described above are fixed, with particle concentration as 
the only variable. For an arbitrary constant particle concentration, the 
resultant flow behaviour of the suspension may be characterized as being 
typical of the behaviour associated with one of three concentration ranges. 
The three ranges are (i) the extremely dilute suspension, (ii) the dilute sus- 


pension, and Gap) the concentrated suspension. Before proceeding to a 
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discussion of suspension flow behaviour within each range, it should be 
noted that boundaries between these concentration ranges may only be deter- 
mined from interpretation of rheological measurements. 

Considerable theoretical effort, beginning with Einstein's(30) 
original treatment of a suspension of spherical particles, has been devoted 
to the description of the flow behaviour of infinitely dilute suspensions 
of particles. Subsequent investigators(3\,32) have extended this treatment 
to macromolecular and non-spherical particles, but all have retained the con- 
cept that during flow, neither the particles nor their hydrodynamic flow 
patterns interact. Consequently, from the point of view of rheology, the 
effect of each particle is additive and their cumulative effect is simply 
to raise the viscosity of the suspension. This increase in viscosity may 
be regarded as a consequence of the perturbation of the flow of the carrier 
liquid around the particle which ultimately results in increased heat genera- 
tion. 

As particle concentration increases to the dilute range, the per- 
turbations produced by the solvent flowing about the particles are no longer 
independent. Individual flow patterns now overlap and become interdependent. 
In addition, because of the increased particle concentration, interparticle 
interaction in the form of aggregation effects may occur. This latter con- 
dition suggests that interparticle forces exist (i.e. van der Waals-London) 
which may influence the hydrodynamic flow character of the particles. 

These effects may be permanent or short-lived, but in any case, suspended 
particles may form simple aggregates which can act as compact, larger single 
particles. Such behaviour may, among other things, destroy the Newtonian 


behaviour of the suspension. 
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Concentrated suspensions represent that concentration range wherein 
interparticle aggregation effects predominate flow behaviour. Particle 
structures are formed, such as nets and three-dimensional networks, which 
have flow immobilizing effects far exceeding the simple aggregates of 
dilute suspensions. At this stage, the superposition of individual flow 
patterns is no longer a suitable approach for investigating the flow 
behaviour. In view of this complexity, the concentrated suspension region 
has been relatively little explored either by theory or experiment. 

Thixotropic behaviour is one of the more interesting characteristics 
of concentrated suspensions. Such behaviour is generally conceded(6) to 
be a result of stress cleavage of a loosely aggregated network. The form 
of the network is not specified, only that it be amenable to shear 
degradation. 

Theoretical predictions of thixotropic behaviour are almost ex- 
clusively precluded due to ignorance of both (i) the detailed structure 
within the thixotropic system, and (ii) the nature of the forces, hydro- 
dynamic and otherwise, exerted by the particles on each other, The two 
effects are clearly interdependent. 

From a mechanistic point of view, thixotropic behaviour might be 
explained in the following manner. 

Consider a particle network dispersed throughout a carrier liquid 
at rest; the structure may or may not be continuous, but in any case is 
composed of particles linked together in the form of aggregated chains. 

If the structure is continuous in three dimensions, then an overall 


rigidity will be imparted to the suspension. 
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If a stress of sufficient magnitude is applied to the suspension 
such that deformation and flow commences, then a differential stress will 
be imposed across the network structure. When this differential stress is 
ereater than the structural bonding forces, stress cldyage occurs, result- 
ing in the formation of network segments. Such breakdown will continue until 
the individual network segments have reached a state of degradation com- 
patible with the imposed stress. If it is assumed that the hydrodynamic 
stress contribution of a set of individual segments in a chain is less 


than that of the continuous chain, i.e. 


n 

SI, <f ei Mle erst S ig m cake leg i 
‘ a, 
i=l 


where ft; is the flow resistance due to the fee network segment; f is 

the flow resistance of a chain of network segnents; 
then it is easily deduced that as the initial network is broken, the shear 
stress associated with a given shear rate will decrease. Further, since 
bond clévage requires work input, in general the bond breaking process will 
be a function of time and the magnitude of the aggregative effects. It fol- 
lows that experimental shear stress will also be a function of these variables. 

| Two points in the previous discussion should be emphasized: (i) the 

existence of thixotropic decay implies that aggregation effects are present, 
and (ii) aggregation effects are not eliminated by a stress condition, al- 
though their overall contribution to rheological behaviour may be modified 
by the magnitude of imposed stress. For example, if during flow, two net- 
work segments collide or interact in some specified manner, the possibility 


of formation of an aggregated doublet will largely be determined by the 
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compatibility of this doublet in the imposed stress field. 

Using the background outlined in this discussion, some thixotropic 
flow models which have been used to correlate experimental measurements on 
thixotropic materials will be described in the following section. As pre- 
viously emphasized, the complex behaviour of thixotropy precludes attempts 
at studying the network on a hydrodynamic basis. Consequently most inves-~ 
tigators have restricted their efforts to mechanistic rather than micro-~ 
rheological considerations. Such considerations usually involve the for- 
mulation of an idealized mathematical model to account for the measured 


rheological behaviour. 
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MATHEMATICAL THEORIES OF THIXOTROPIC BEHAVIOUR 


The formulation of an adequate mechanistic model to define the flow 
behaviour of a thixotropic material has been amazingly slow. In fact, it 
was only recently (1958) that a theory(33) was proposed which satisfied the 
dual requirements of being (i) based on a plausible molecular model and (ii) 
capable of direct experimental verification. Prior to this date, experimen- 
tal verification of acceptable molecular flow models( 3) was not possible. 
As a result of this prior lack of development, those thixotropic measurements 
which had been made had generally been presented directly as graphical 
data or, in some cases, in terms of correlation coefficients(35). The 
theoretical value of the latter technique is questionable(1) but it does 
provide a suitable classification procedure. 

Since the above date, a number of theories have been presented 
(1,27,36) which are based on acceptable structural models and which have 
been tested with experimental measurements. A summary of the pertinent 
features of each theory is shown in Table I. 

Upon inspection of Table I, it may be noted that all investigators 
are in agreement as to the basic thixotropic decay process. That is, all 
the flow models assume the existence of a network destruction process which 
ultimately results in an equilibrium flow state within the sheared fluid. 
However, as shall be discussed, the individual formulations of a theory 
depicting this decay process are significantly different. 

Before proceeding, it should be pointed out that the four theories 
listed on Table I may be subdivided into two subsets, each of which con- 


stitutes a different formulation procedure. The Eyring et al(27) and 
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Denny-Brodkey( 36) approach has been to consider network destruction on the 
basis of the Theory of Rate Processes( 37); the Storey-Merril(33) and Ritter(1) 
approach has been that of investigation of the macroscopic features of net-~ 
work destruction. The pertinent aspects of each approach shall be discussed. 
After reinspection of Table I, it may be seen that the Eyring for- 
mulation assumes that thixotropic behaviour is due to the transition process, 
non-Newtonian structural unit == Newtonian flow unit. The final thixotropic 
equation of state is expressed in terms of an instantaneous equilibrium con- 
dition between these two flow units and in terms of their instantaneous con- 


centrations (Xp and Xz respectively). It may be noted then that the state 


equation is expressed in terms of molecular parameters. In actuality, such 
an equation cannot be explicitly verified since these latter parameters are 
to all practical purposes indeterminable by rheological experiments. 

Eyring et al(27) have correlated experimental measurements by their 
proposed equation. To do so, however, required a transformation of the 
molecular flow parameters into experimentally derivable parameters; these 
latter parameters were then evaluated by trial and error best-fit-data 
techniques. The arbitrary nature of both the transformation sequence and 
the parameter evaluation step appears limiting and has been questioned( 36); 
as yet, justification for these processing techniques has not been forthcoming. 

The approach taken by Denney-Brodkey(36) has been to modify Eyring’: ( 37) 
flow concept in such a manner that the final thixotropic equation is ona 
mechanistic basis, i.e. in terms of measurable rheological variables. 
However, as with the Eyring et al (27) formulation, certain aspects limit 


the usefulness of the final flow equation. 
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First, the experimental determination of one of the flow parameters 


Cie, Mo) was obtained "at very low shear rates, where deviation from ideal 


is at a minimum"(36). This is a direct contradiction of the known behaviour 
of anomolous fluids, i.e. maximum anomolous behaviour occurs at the lowest 
shear rates. Further, the author(36) concedes that: 

"The main drawback es the method is that back calculation to recon- 

struct the basic shear diagram (is required) ... ; the development 

should be considered to be a means of relating flow to the fundamental 
properties of materials, rather than a representation of the fluid 
flow." 

In this investigators opinion, only two theories (Storey-Merril( 33), 
Ritter(1) ) have been proposed which are sufficiently self-consistent to 
warrant further consideration. Of these two, only the theory proposed by 
Ritter(1) shall be reviewed in detail since this theory is a modified and 


improved analysis of the basic concepts inherent in the Storey-Merril theory( 33). 


Theory of Thixotropic Behaviour (Ritter) 


Compatible with other proposed theories, the molecular model is 
considered to be a loosely bonded network structure of long chain molecules 
dispersed in a Newtonian solvent. The network, in an undisturbed and un- 
sheared condition, is assumed to be composed of individual fragments which 
are joined together in appropriate linkages or 'links'., Under the influence 
of stress, the network undergoes destruction at the linkage points, thus, 


creating network fragments. The destruction process is considered reversible 
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to the extent that a probability exists that network segments can reform, 
In reality, the network destruction process is symbolized by the following 
equation: 

AS TAS 2'"A ve). 2 iB (18) 
where "A" refers to the original network and "B" the final network frag- 
ments. 

Since it is impossible to derive an exact mathematical expression to 
define the consecutive reaction illustrated above in terms of experimentally 
measured quantities, Ritter(1) assumed the following equation as describing 


the network destruction process: 


k 
NETWORK —A. NETWORK FRAGMENTS (19) 
& 
B 
(A) (B) 


The formulation of the above equation in terms of measurable ex- 
perimental quantities (i.e. shear stress, shear rate, time) shall now be 
described. To do so, consider the development of and the assumptions in- 
herent in the Theory: 

(1) The total shear stress in the sheared fluid at any time is 

considered to be the sum of a Newtonian solvent component and 
a component due to the presence of structural segments, i.e. 


Tht) <= oVigpeomtan * | (*) geeuorunar, (20) 


(2) The structural stress component is proportional to the product 
of the number of network links existing at any time and some 


function of the imposed shear rate. i.e. 


dv 


T(t) = a'(a) (3, (21) 
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where: a' = proportionality constant 


> 
If 


concentration of network links 


f(—) = shear rate functional relationship 


(3) Under the conditions of stress, the rate of link or network 
destruction is proportional to the number of network links, but 


is independent of the shear rate. i.e. 


a(A) 
ag? als) (A) (22) 
1 
where: k = thixotropic rate decay constant independent 


of shear rate 
(4) For any given concentration of networks, the nature of the 
function relating structural stress to shear rate is independent 


Oise LhCmunme Or SWEAT 2 1 ie' 
d dv 
ay ee aaa = QO 2 
mc) (23) 
With this assumption, the following equations may be derived: 
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Combining Equations (24) and (21) and substituting into Equation 


(22), the following is obtained: 
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(5) The rate of change of structural stress arising from the rup- 
ture or reformation of network links is dependent upon the aver- 
age size of the network and is assumed to be inversely propor- 
tional to time of shearing:i.e. from Equation (25): 

ale kaTs 


= - (26) 
dt t 








(6) The network fragment recombination process is analogous to a 
second order chemical reaction, and is dependent upon shear rate. 
Considering the assumptions outlined from (1) to (5), the fol- 


lowing equation was derived in an analogous manner: 


ai, tae Q as ie 
cae (27) 
ae t 





where: ke = network recombination constant dependent upon 
shear rate 


Ts. = the shear stress at time zero 


The net rate of decay of structural stress at constant shear rate 
may now be described by combining Equation (26) and (27) to yield: 
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dt 





which with the boundary condition of = 0 at infinite shear time, re- 


sults in simplification to: 
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This differential equation was then solved with the following 


boundary conditions: 


¢ 4 Va 
at t = O 5 If = / 
Ss SO 
at +t = 1 (minute); ve = fis 
to yield: 
Ts - Ise0 ee te Teer 
log Gemagact |) en (a log t - log (aaa (30) 
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which represents the final expression for the decay of shear stress at 
constant shear rate. It may be seen that this equation predicts a straight 


line relationship on logarithmetic coordinates between : 


Te 2 
(Gama memanic =.) and t 
Vg) Teen alive 


The slope of the straight line is; 
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In order to verify Equation (30), experimental data in the form of 
shear stress as a function of time at constant shear rate is required. In 
addition, a measure of the Newtonian component is necessary. Therefore, for 
the purpose of correlating experimental data, Ritter(1) made one additional 
assumption: 

(7) That the Newtonian component of the total stress may be 

evaluated at high shear rates, a condition which is assumed to 
complete destruction of the network into non-stress contributing 


fragments. The Newtonian component as evaluated by this method 
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is applicable at all shear rates and all shear times. Thus, 
the 'final' network fragment is assumed to be Newtonian in 
character but does not appreciably add to the Newtonian compon- 
ent. i.e. 
a es # f(t) (31) 
Subsequent to the development of Equation (30), Ritter made exten- 
sive rheological measurements (i.e. three shear rates at each of four tem- 
peratures) on a naturally occuring thixotropic fluid, Pembina crude oil. 
The experimental thixotropic decay curves, as correlated on the basis of 
Equation (30) are presented in Figure (4). 
Except for minor, random deviations, the correlated data confirmed 


the theoretical analysis that ky, the thixotropic decay constant, was in- 


dependent of time. Further, utilizing the correlated results, individual 
decay constants were calculated for each shear rate. The results indicated 


that, as predicted, k, was independent of shear rate. In support of an 
earlier postulate, Ky was also shown to be a function of temperature and 


appeared to exhibit a temperature dependence analogous to that described by 


the Arrhenius equation of chemical kinetics. i.e. 


b/T 


ee EELS INS (32) 
where; A,b = correlation constants 
T = absolute temperature, OR 


However, in view of the limited number of experimental points (four), the 


correlation could not be affirmed. 
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Simultaneous verification of the predicted nature of the reverse 


reaction rate constant, Ks was attempted but due to the sensitivity of the 


correlation method and inaccuracies in the data, only a trend was sufficiently 
well defined. However, it appeared that the reverse rate constant was de- 
pendent on both temperature and shear rate as predicted by the theoretical 
analysis. 

Resume: The most recently published (from 1958) equations describing 
thixotropic behaviour have been investigated. Of these, the Theory of Thixo- 
tropic Behaviour(1) appears to offer the only suitable basis for correlation 


of experimentally measured thixotropic decay curves. 





TYPICAL THIXOTROPIC SYSTEMS 


To this point, the presence of a rheological structure amenable to 
shear degradation has not been established conclusively. However, detailed 
investigation of a number of thixotropic systems has provided considerable 
evidence in support of the concept of a network model. The nature of two 


of these systems will be discussed. 


Hydrocarbon Systems: 


Early investigators(39) recognized that some crude oils, and crude 
oil derivatives were complex vehicles which could, over a relatively short 
interval of temperature, display an amazingly wide range of rheological 
behaviour. Such range in behaviour was generally characterized by (i) a 
sudden divergence in a normally straight line temperature-viscosity plot, 
and (ais) the simultaneous change from Newtonian flow behaviour to markedly 
anomolous behaviour. Since this behaviour was generally noted only when 
the oil temperature was lowered beneath its natural pour point*, the 
qualitative conclusion was that such behaviour was linked to crystalliza- 
tion of wax within the oil. However, beyond these observations, the con- 
sequences due to such behaviour were not studied carefully until Ackroyd 
and Aubrey(16) published the results of an investigation on the flow be- 
haviour of a wax-laden residual fuel oil. 

These results are particularly interesting, since not only was the 


flow behaviour of the oil measured, but also the individual effect of the 


* The lowest temperature at which an oil will pour or flow when it is chilled 
without disturbance, under prescribed test conditions(40). 






cy 


Prone thovigeler & tev) zo 


factgotoske aG aunet ‘bbe %. 3a 





B (t)- ve besimatSacaifo we Bi 


ps 


sod wolt odd ao aia me 


ee 





components of the oil upon flow behaviour were determined. ‘To aid 
interpretation of the rheological measurements, an x-ray diffraction 
study was performed on the oil and its components (i.e. Light oil, wax, 
asphaltene and resin fractions, respectively). 

As may be noted from inspection of Figure (5), the fuel oil, 
after being treated according to a detailed handling procedure*, dis-~ 
played marked thixotropic behaviour. After about two and one-half hours 
shearing, the measured shear stress decreased to a value considered to 
be essentially an equilibrium condition. It should be noted that for 
the 110°F-reheat thixotropic curve, a peculiar maximum in shear stress 
was measured; the authors could not explain such a phenomenon. 

Shearing tests similar to those illustrated in Figure (5) were 
conducted on, (i) the residual fuel oil, (ii) the same oil after re- 
moval of the asphaltenes and (iii) the same oil after removal of both 
asphaltenes and resins. Despite the individual removal of constituents, 
the flow curves of each treated fraction were qualitatively similar to 
the original oil sample. 

On the basis of the rheological studies and an interpretation of 
the x-ray diffraction results, Ackroyd(16) concluded that the measured 
flow behaviour was due to the wax fraction. It was proposed that, at 
test temperature, wax crystallization within the oil resulted in the 
formation of a rigid structure. The structure was readily destroyed by 


continuous shearing, but even after an extensive shearing time, the 


* An oil sample was heated to 1L70°R, shock chilled to Seay reheated to 
either 110°F or 85°R, and then charged to the viscometer at the chosen 
temperature (i.e. LIO°F or 85°F); the viscometer and oil were then 


slowly cooled to test temperature (52°F). 
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FIGURE 5 Typical Thixotropic Decay Curves of Residual Fuel Oil 
at 52°F and 13.18 Sec-+ Shear Rate - Ackroyd(16) 





2 


structural flow effects were still apparent. As shown in Figure (eye 
the sheared structure did not readily reform even under non-shear condi- 
tions. 

Slightly preceding the investigation by Ackroyd and Aubrey(16), 
a separate investigation of the behaviour of wax-laden lubricating 
oils was performed by Jones and Tyson(25). In this latter work, a 
lubricating oil was artificially loaded with paraffin wax, the tem- 
perature of the solution lowered beneath its pour point and the rheo- 
logical behaviour of the wax-oil system measured. In all cases, pro- 
nounced thixotropic behaviour was noted, which in turn, was ascribed to 
the degradation of a wax crystal lattice, This latter contention was 
supported by photomicrographs(1) of a sheared wax-oil suspension which 
revealed the progressive shear degradation of the aggregated lattice 
into smaller and smaller aggregates. 

One interesting aspect of the rheological measurements conducted 
by Jones and Tyson(25) was that a significant inflection in shear rate 
was noted if the samples were subjected to a constant shear stress. 
Such a phenomenon has also been noted by Billington(14), who measured 
the thixotropic properties of a natural "wax-containing” oil at constant 
shear stress. To explain his experimental measurements, Billington(1) 
considered the thixotropic decay sequence to be comprised of two time 
dependent components and subsequently correlated the thixotropic curves 
on that basis. 

Before proceeding, it should be stated that the correlation 


technique employed by Billington(14) has little theoretical justification, 
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being essentially experimental plots of dimensionless stress versus 
dimensionless time. In agreement with previous investigators(16,25), 
Billington(14) attributed the measured thixotropic behaviour as due to an 
internal structure of wax crystal aggregates. 

Recently, Ritter(1) has measured the thixotropic behaviour of 


Pembina crude oil which, at temperatures below 90°F, displays marked 


anomolous behaviour. This behaviour was attributed to a loosely bonded 
network structure dispersed within a Newtonian solvent. 

In all, Ritter(1) measured thixotropic decay and shear stress 
growth curves at three rotational viscometer cup speeds (0.5 RPS, 2.0 RPS, 
h.5 RPS) at each of four temperatures (75°F, 60°F, 45°F and 30°F). A 
typical thixotropic decay curve, together with associated shear stress 
erowth curves is shown in Figure (7). As indicated on the plot, the 
measurement of these latter curves was accomplished by adjusting the cup 
speed to a lower value after prolonged shearing at a specified elevated 
shear rate. 

In general, all of the thixotropic curves measured by Ritter(1) 
were continuous functions of shear rate similar to that indicated in 
Figure (7). However, considerable variation in the relative amount of 
thixotropic decay was noted. As indicated in Figure (8), which presents 
a typical set of cross-plotted thixotropic curves, the relative amount 
of thixotropic decay decreased as the shear rate was increased. In 
addition, anomolous behaviour was more pronounced at the lower shear 
rates. In fact, at shear rates approaching 1500 sec} the oil was 


shown to behave essentially as a Newtonian fluid after extensive shearing. 








aaoute i Bonney a) 





ae ve Boricem iia | 

















45 


( 


LE 





)Z933TY - SSATND YRMOAD ssoerqzS AeaYyS pue enaanD Aedoq oTdozjoxtTyUL TeoTdAL 


SANUTW - OWTL 
OV 


S 
OS 








re (peqzeToderz4 xq) i sus TetTIquL 


fea —— ee - 
ee a a ers ns ca an cp mee ne en re a 


L aunola 





S) 
eo 
zt3/FqT - (01 x) ssezqs resus 


Gil 


vt 









EFSL (7? 


7% 
2 


He 














* 
i 
. 
; 
< 


3 





LABTGS] IsTROL KO 
38 


BICHER 5 

















10009 























(os seer eA SN NWa i a (caine 
Dele Se meme WE ee ee eee 
SSS lA ANG Boa eco Ses ac Lata 
[iS Eaete te ee eee eee 


ies ea 
Gomes 


\ wie = 
its a 








100 


a - (,0T x) ssezis reeys 


Shear Rate - Secl 


Thixotropic Shear Stress versus Shear Rate with Time as a Parameter - 


8 


FIGURE 





; 
J 
\, 
P} 























i i 
” H 
} / 
. rs ? ji | 
ma 
— aoe a | | 
Loa Fa A ‘ , 
Tn et i ren eee be meen 
' ; : i 
> Ke bn pe pat aren pe Ea OES 
. hehe 
7 
re 
7 ~ > 
| y ; 
ia | i 
eis 
z 
’ 
Q 
a th 
Her Saatchi ae Reever nee Es Ue 
iy wr f F ss rin { 
an OS) 3 { 
iyi i i | 
i f 
ha ' i a if 
hi Ay, ees : : ens Slee 
P| en | 
} { | 
;] ue F 
nh ES : | 
; f | 
i iy , 
oF) i ; if 
lj ty mi i, i 
{ 


Coed aterm 


- 
FOO 


+ mamaria vir es nh at 








7 









ee ae A eee 
es 

aa ‘ + 
t * 
i oS 


f 
{ 
f 





Plastic Fats: 


In plastic fats(42), the crystals of high melting triglycerides 

form a rigid three dimensional network in the remaining liquid oil. 

The rheological behaviour of this system shows a strong resemblance to 

that of other systems containing a network of solid particles, such as 
dispersions of carbon black in 0oi1(38) or of clay particles in water(13,43) 
This similarity arises since all of these systems require a finite shear 
stress prior to continuous deformation or flow; that is,if during a con- 
stant shear stress experiment, the applied stress is significantly be- 

low the finite shear stress required for flow, the system will display 

only adeformation characteristic of a solid under comparable testing 
conditions. 

The mechanical, or solid-like properties of the above described 
plastic fat system have been investigated below the finite 'yield' stress 
and at stresses near the yield stress by van der Tempel(42). The latter 
condition resulted in a gradual breakdown of the network structure after 
a sufficiently long period. Based on rheological measurements, van der 
Tempel(42) proposed the following description of the network: 

(1) The network is composed of a flocculate as an assembly of 
chains; each chain consists of a linear array of particles 
placed very close together. The chains are branched and 
interlinked to form a three-dimensional network, the voids 
of which are filled by liquid. 

(2) The crystal network properties are determined by the den- 


sity of junction points between the crystals and the strength 
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of the bonds in these junctions. 

(3) Two types of bonds exist in the network; a primary and a 
secondary bond. The latter are assumed to be due to van 
der Waals-London attraction between neighboring particles. 
The nature of the primary bond was not specified, but these 
were considered to be stronger than the secondary bonds. 

Based on this network model, the static network strength of the 
system was satisfactorily correlated. To do so, however, required es- 
timation of a number of parameters which could not be experimentally 
measured. 

Resume: All investigators(1,14,16,25) have attributed thixotropic 
behaviour in hydrocarbon systems as due to a bonded network structure. 
Three(14,16,25) of these investigators have stated that the network is 
a consequence of wax crystallization such that the network structural 
units are wax crystals or wax clusters. 

The structural characteristics of a network(42) similar to that 


proposed for a thixotropic hydrocarbon system have been discussed. 
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PHYSICAL PROPERTIUS OF WAX-SOLVENT SYSTEMS 


In the previous section it was shown that under specific con- 
ditions, wax crystallization within a carrier fluid such as a crude oil 
resulted in the formation of a network structure. Consequently it would 
appear desirable to investigate some of the physical characteristics of 
these network structures. However, such investigation has generally 
been precluded by the complex interdependent behaviour of the waxes and 
the carrier fluids. As a simplercase then, consider the known physical 
behaviour of pure waxes and of waxes within industrial solvents. 

The crystallization of a mixture of waxes from their melts has 
been studied(44) both theoretically and by experiment. Generally, at- 
tempts have been successful in calculating the solid-liquid equilibrium 
existing between wax as crystals and wax as liquid. Further, it has 
been experimentally verified that the addition of an ideal solvent 
(eres heptane, octane, etc) to the wax melt does not alter subsequent 
equilibrium calculations. For example, the following equation which 
was originally derived to predict equilibria in wax melts has been 
found valid over a wide range of temperatures for Me dararrin waxes 


within 'good' solvents: 


ab al 
ni 
where: X, = mole fraction of wax'i" in the liquid 
phase 
N; = number of carbon atoms per molecule of celry 
mT = melting point of "i", oR 
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Thus the relationship between wax as crystals and the carrier 
solvent is a simple function of temperature. For non-ideal solvents, 
correction factors must be applied to the above equation. 

One aspect of wax crystallization in solvents which has been found 
to be particularly interesting is the crystal habit* of the individual 
wax crystals. It has been shown experimentally that at least three crys-~- 
tal types form during crystallization: (i) platelets, (ii) needles, anda 
(iii) malerystalline masses (i.e. irregularly formed masses of micro- 
scopically small crystals). To account for such behaviour, at least 
two explanations have been proposed. 

The first(45) attributes crystal habit to the molecular struc- 
ture of the crystallizing wax and proposes that plate-type crystals 
represent straight chain hydrocarbons, whereas needles and malcrystalline 
masses are branched chain hydrocarbons. 

The second(46) attributes crystal habit solely to the rate of 
crystallization. A schematic illustration of this behaviour is shown 


below: 
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It might be explained that the rate of crystallization was in- 
creased by increasing the cooling rate of the parent solution to final 
erystallization temperature. 

In agreement with the above observations, it was also noted 
that as the cooling rate increased, the individual crystal size de- 
creased. Further, the presence of resinous materials appeared to ac- 


celerate the formation of malcrystalline masses. 





EXPERIMENTAL PROGRAM 


In the INTRODUCTION it was pointed out that the experimental pro- 
gram would include (i) modification of the rheological test apparatus, 
(ii) the selection of a suitable thixotropic model, and (iii) the investig- 
ation of the rheological behaviour of the model; the primary direction of 
the latter objective was towards measurement of the thixotropic behaviour 
of the model. 

Since the chronological progress of the experimental program 
coincided with the above objectives, it is only logical that each should 


be considered in sequence as a separate sub-section. 


I. Rheological Test Apparatus 


Redesign and Reassembly of the Auxiliary Equipment Associated with the 
Alberta Rotational Viscometer 

The original air bath temperature control apparatus associated with 
the Alberta rotational viscometer* occupied the larger portion of one labor- 
atory and, in addition to being bulky and cumbersome, had many undesirable 
operational characteristics. Consequently, it appeared desirable to re- 
design and reconstruct the various bath temperature control components. 

Specifically, the following equipment alterations and modifications 
were made: 

(1) An air bath recycle flow channel was designed and fitted to 

the existing viscometer cabinet. This addition (Figure 9) in- 


cluded provision for (i) an internally mounted but externally 





* This name has traditionally (1,49) been used to describe a rotational vis- 
cometer originally designed and constructed by J.V. Fischer(47). 
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driven air circulation fan, (ii) an air flow control louver 
and (iii) cooling coils mounted in one of the two available 
air flow passages. The completed equipment array is shown in 
Figure (10). 
(2) A cold fluid circulation and refrigeration system was designed 
(APPENDIX ONE) and constructed in the cabinet support framework 
(Figure 11). The purpose of this system was to provide cold 
fluid to the air cooling coils. 
(3) A temperature control system was designed (APPENDIX TWO) and 
constructed to regulate the temperature of a recirculating 
air stream (Figure 12). 
In addition to the above, an extremely accurate instantaneous vis- 
cometer-cup velocity measuring device was constructed (Figure 13). 
Generally, the basic criteria in designing the above equipment 
were (i) elimination of former operational difficulties, and (ii) formation 
of a compact, yet portable unit. 
Before proceeding further, it shall be advantageous to describe the 


present form and operational characteristics of the rheological test apparatus. 


Description of the Alberta Rotational Viscometer and Associated Temperature 
Control Equipment 

The Alberta rotational viscometer, illustrated in its present form 
in Figure (14), consists essentially of a hollow lucite bob, 1.582 inches 
in diameter and a rotating stainless steel cup, 1.761 inches inside diameter. 


The bob has an overall length of 4.860 inches (not including spindle 
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FIGURE 9 Schematic Drawing of Cabinet Addition and Air Flow 
System 
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FIGURE 10 
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FIGURE 11 Refrigeration System 
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FIGURE 12 Cabinet Air Temperature Control System 





4l\ a 
I |} 
| 
| | 
| 
} | 
| i ae 
| } 
thi 
li} 
aa 








\ 
Wh | 
We] 
Lit 
Wt | 

| 
|| 
| 
1a 
ai 
| 
| 
| 
| 
\)} 
| 
at | 
| 
| 
| 
Pua | 
1") 

1 | 
i | 

We 






















| tis Bs OM ; bi ts ; ‘ iH ie } ae a hh i | a 
} metey2 loxtned sivdexegmeT 5k sored (oo i oo ae re ae | 
i} | 





ul 
@ 


Oe it ws ay ee ie 


eee REIN 


ene 
gia 


AEs ty, 





FIGURE 13 Cup Speed Measuring System 
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and chuck ) and has a conical bottom with an apex angle of 151 degrees. ‘Two 
copper-constantan thermocouples are located on the bob wall 1. 34: inches 
apart and permit accurate measurement of the test sample temperature. The 
bob is further provided with a concentrically mounted protractor which in 
conjunction with a stationary indicator is used to measure bob deflection, 

During operation, the bob is suspended from the upper chuck support 
mechanism of the viscometer by means of any one of several 10 inch long cali- 
brated torsion wires. The bob may be coaxially aligned within the cup via 
an overhead centering platform which contains the upper chuck support mechan- 
ism; the vertical position of the bob may be adjusted by means of the vis- 
cometer elevator. In all experiments conducted, the bob extended 4.0 inches 
(as measured from the base of the conical bottom) into the cup. This depth 
represents maximum possible bob immersion and is most desirable since the 
end effect of the bob is minimized. 

The inside depth of the cup, as measured from the cup lip to its 
conical base (151° apex angle) is 4.625 inches. Thus, a constant end gap 
of 0.625 inches exists between the bottoms of the bob and cup. The cup is 
further provided with a bottom inlet line for introduction of samples. 

Test sample temperature control is obtained via a concentrically 
mounted copper bath which surrounds the cup and through which glycol-water 
is circulated from an Aminco constant temperature bath (t0.05°F). This 
test sample temperature control arrangement, as shall be shown in a latter 
section, performed extraordinarily well. 

The motive force necessary for rotation of the cup is provided by 


a 1/4 HP synchronous motor coupled through a variable speed Graham transmission 
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Alberta Rotational Viscometer 
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and gear train to the cup bottom. The gear train-transmission combination 
allows selection of any desired cup speed within the range O to 500 RPM. 
Concentric to cup and mounted on the cup-drive gear is an eccentric cam 
which upon cup rotation, actuates an electrical counter for measurement of 
total cup revolutions. 

Mounted coaxially with, but beneath the cup drive gear, is a 120 
tooth gear which drives an eccentrically supported 24 tooth gear. Sus- 
pended from the bottom of the support shaft of this smaller gear is a small 
D.C. generator whose electrical output passes through a filter (a resis- 
tance-capacitance network ) to an industrial digital volt meter. The visually 
displayed voltmeter output, when used in conjunction with a calibration 
graph(APPENDIX THREE) provides an extremely accurate (10.5%) method for 
determining angular cup velocity. 

The entire viscometer assembly just described is mounted within 
an insulated, thermostatically controlled air bath to reduce the temperature 
gradient between the ambient air and the test sample. During operation, 
circulating air is withdrawn from the main cabinet body through a perforated 
false cabinet roof into the eye of a 1/2 HP driven circulation fan and 
discharged into the false back of the cabinet. Dependent upon the relative 
position of a flow control louver located in the false cabinet back, the 
air either flows over a finned tube cooling coil (surface area of 60 ft) 
or by-passes the coil to return to the main cabinet body. 

Adjacent to the viscometer and mounted in the circulating air stream 
is a temperature sensing thermistor which is directly connected to the air 
bath control system. This control system is a differential gap on-off con- 


troller which determines the rotational direction of a 1/20 HP reversing 
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motor. The motor is ratio gear-coupled (250:1) to the air flow control 
louver. 

In operation, when the air temperature drops below the control 
band (t0.1°F), the louver motor is actuated and rotates the louver, effec- 
tively closing the cooling coil air passage and permitting the circulating 
air to bypass directly back to the main cabinet body. When the air tem- 
perature rises above the control band, the louver is rotated to uncover the 
cooling coil air passage while simultaneously blocking the air bypass duct. 

The cooling fluid (varsol) necessary for supplying the cooling 
coils is obtained from a refrigeration system which is located beneath the 
main cabinet in the cabinet support framework. The major piece of equip- 
ment in this system is a Tecumseh 2 HP Low Temperature refrigeration unit 
with a heat load capacity of 8325 BTU/hr at an expansion coil temperature 
of -20°F. The expansion coil associated with the refrigerator is composed 
of 100 feet of 3/8 inch copper tubing (surface area of 13.1 ft) and is 
located in a 10 gallon insulated varsol bath. From the bath, a 1/4 HP 
driven turbine pump circulates varsol directly to the air cooling coils. 
The circulating varsol temperature and the operation of the refrigerator 


is controlled by a thermostat in the varsol bath (APPENDIX ONE). 


Operational Characteristics of the Alberta Viscometer 


Three operational characteristics of the Alberta viscometer have 
been examined by former investigators. They are: 

(1) End effect of the bob; 

(2) Flow stability in the viscometer annulus; 


(3) Test sample heating effects during shear. 
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These are not characteristics unique to the Alberta viscometer 
alone, but rather are of varying degrees of importance in every coaxial vis- 
cometer. As such, the above characteristics could be adequately investigated 
On a theoretical basis alone, and could have been discussed earlier in this 
manuscript; however, since no two coaxial instrument designs are identical, 
each of the above characteristics shall be discussed as pertaining primarily 


to the operation of the Alberta viscometer, 


(1) End Effect of the Bob 


End effect is due to viscous drag by the test sample on the bot- 
tom surface of the bob. Unless a viscometer is so designed so as to ef- 
fectively eliminate it, end effect is of importance in all coaxial viscometers. 

The actual consequences of end effect are complex since, due to the 
test sample flow pattern on the bob bottom, the stress distribution on the 
Pinite cylindrical bob surface differs from that of an infinitely long cy- 
linder. As a result, standard formulae which are normally used in coaxial 
cylinder viscometry are invalid if end effect is excessive. This is a sig- 
nificant problem since analytical derivation of formulae to include end ef- 
fect are, to all practical purposes, impossible. One investigator(48) has 
attempted to treat this problem analytically, but the resultant flow equa- 
tions are intractable for even the most simplified case. 

Fortunately, an experimental method has been devised which does 
permit measurement of, and correction for, end effect. In essence, the 
stress contribution due to end effect is considered as equivalent to an 


increase in the length of the cylindrical bob surface. Thus, as applied 
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to Equation (17), the following equation has been proposed: 





dy ay 
G = tar (ha t Ah Ww (36) 
i uh . 
(—; - =~) 
ES 4 To; 
1 2 


where Ah, the end effect correction, is stated to be a function of h (the 
total bob immersion) and the end-gap distance between the bottoms of the bob 
and cup. 

This end effect correction is usually obtained experimentally by 
plotting (G/w) versus (h) to obtain a linear relationship between these 
variables which then permits direct evaluation of (Ah). An account of this 
method, together with experimental results as ascertained for the bob-cup 
combination of the Alberta viscometer has been given in a recent publication 
(1). Specifically, for the experimental bob immersion (4.00 inches) used 
during the current investigation, an end effect correction of 0.225 inches 
has been determined(1). The relative magnitude of this correction (equiva- 
lent to an additional 5.3% of cylindrical bob surface) has been confirmed 
by previous investigators (47,49). 

Actually, end effect corrections, as determined utilizing Equation 
(36), are suitable only for Newtonian fluids, since due to the complex 
inter-relationship of shear rate and consistency of a non-Newtonian fluid, 
end effect should be a function of the characteristics of the non-Newtonian 
fluid being sheared. Hence, certain inadequacies exist if an end effect 
as determined for Newtonian fluids is used in calculations involving non- 
Newtonian fluids. However, to quote a previous investigator(1)s 


"The situation is not as serious as it might initially seem. 
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The largest variation in viscosity will likely occur in the region 

approaching the apex of the cone, which also represents a region 

of reduced torque due to both lower shear rate and radius, Hence, 

the net deflection of the bob will not be materially influenced ..," 

In view of this qualification, errors in the end effect correction 
were assumed to be tolerable and the afore-mentioned experimental technique 


was adopted. 


(2) Flow Stability in the Viscometer Annulus 


In all equations pertaining to concentric cylinder viscometry, it 
is inherently assumed that the basic flow pattern is laminar. However, 
this condition is not guaranteed at all shear rates, since ring-shaped vor-~ 
tices, characteristic of a turbulent flow process, develop at a specified 


viscometer "Reynold's” 


number. For the coaxial arrangement of a stationary 
inner cylinder and a rotating outer cup, the critical "Reynold's"number, 
as given below, is strongly dependent upon the ratio of annular thickness 
to the outer cylinder radius: 

2 a 
Wr, re) r 4 


aonb es = ( 
Pn =e 


(37) 


A graphical correlation of "Reynold's" number versus (rp ~ r / Sp 


has been given by Schlichting(50), For the geometrical arrangement of the 
Alberta viscometer, a critical transition equation of the following form is 
indicated: 


MP 112,85 x 10° (38) 
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Thus, considering typical properties of a 10.0 cp. oil with a 


density of 45 lbm/ft3, a critical transitional speed of about 300 RPS 


(about 30 times faster than maximum possible experimental speed) is in- 
dicated, Further, a recent publication(51) has shown that shear of a 
non-Newtonian fluid does not significantly alter this value. 

From the above calculations, it would appear that consideration: 
involving unstable f!ow behaviour would be unwarranted in view of the 
limited range of cup speeds available (i.e. maximum of 10 RPS). However, 
an earlier investigator(47) noted that when low viscosity (5 to 20 cp) 
oils were being sheared in the Alberta viscometer, a deviation from New- 
tonian behaviou. occurred above a specific cup speed. This investigator 
has also noted such behaviour and feels that such deviations demonstrate 
the onset of an unstable flow process. 

Such behaviour is rather puzzling since other viscometers with 
which the transition correlations were developed do not display this 
phenomenon until extremely high shear rates are attained. However, in one 
respect, the Alberta viscometer differs from these viscometers - having a 
relatively large end-gap beneath the bob. It is thought that this flow 
region is responsible for the apparent onset of instability. 

It has previously been indicated that the flow pattern in the 
end=-gap space is, to all practical purposes, impossible to describe on an 
analytical basis. As euch, this flow area has never been extensively 
investigated and a stability criteria to include end effect has never been 
developed. 

Experimentally, the only qualitative observations on such a process 


have been made by Fischer(47), who noted that as the clearance between the 
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bob and the bottom of the cup decreased, the apparent onset of instability 
advanced to progressively higher cuy speeds. If a superficial analogy 
between Couette flow and the flow pattern at the cup bottom may be ised, 
then this phenomenol’ should occur, since in effect the annular' width is 
being decreased, thereby tending to stabilize laminar flow. 

Unfortunately, this problem was not recognized until completion 
of the experimental program and, as such, a detailed study of this phenom- 
enon was not conducted. However, it is possible with existing available 
data to make some comments on the stability problem which exists in the 
Alberta viscometer, and to qualitatively indicate a safe operational cup 
speed range. 

Perhaps the most difficult problem in ascertaining the stability 
limit is the actual voetection of the onset of instability, since in all 
cases, the contribution of end effect is a small (5. 3%) portion of total 
shear stress. This statement may be exemplified by examination of Figure (15), 
in whicn a number of curves have been plotted, one of which illustrates the 
gradual onset of instability. The difficulty of detecting instability is 
readily apparent since deviations from Newtonian behaviour attain only 
about 4% of the total shear stress even when cup speed has exceeded the 
critical speed by twice. Further, considering all of the data available 
to this investigator, a positive onset of instability could only be identified 
for the 4.511 and 8.5 centipoise oils shown. This was primarily due to the 
limited range of the data available (generally only up to about 3.0 RPS) 
and the uncertainty in detection of an actual onset of instability. 

As may be noted from Figure Gis) as the viscosity of the sheared 


oil increases, the onset of instability is progressively increased to higher 
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cup speeds. This fact was also noted by Fischer(47); thereby, a qualitative 
stability limit (indicated by the sloping dotted line in Figure (15) ) has 
been presented. This line is not intended to serve as a rigorous determina- 
tion of a generalized stability limit but rather to serve as a guide line 
during interpretation of experimental results. Despite the limitations of 
such a plot, it may be noted that, in general, stability would not appear 

to be a crucial factor in interpretation of experimental results, since in 
the majority of the experimental runs, the apparent oil viscosity was 


greater than 35 centipoises. 


(3) Test Sample Heating Effects During Shear 


During the early stages of the experimental program it was necessary 
to determine the magnitude of the temperature rise in a sheared sample. 
This was a matter of some importance since if the sample temperature con- 
tinually increased during the test period, then it might have been impos- 
sible to differentiate between sample degradation and shear heating effects 
near the end of a long sample-test period. A previous investigator(1) had 
reported a maximum temperature increase of 0.5°F, but no specific reference 
had been made as to the duration of temperature Peeeones: 

The method of approach to this problem utilized two evaluation 
techniques; (i) a theoretical evaluation and, (ii) an experimental test to 
determine "average" sheared fluid temperature rise. 

The theoretical approach was based on a consideration of the tem- 
perature rise in a Newtonian fluid sheared in an annulus similar to con- 


ditions experienced in the Alberta viscometer. The evaluation did not 
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consider temperature effects due to sample shear by the end of the bob, 

since this source could only contribute a small portion to overall tempera- 
ture rise. In short, the approach was essentially that of solving the energy 
equation for a fluid in the annulus in terms of the transport properties of 
the sheared oil. In cylindrical coordinates, and in dimensionless form, the 


energy equation may be expressed as (52, APPENDIX FOUR). 


1 Va ao iN 
=— (E—) = - (39) 


Where E is a dimensionless co-ordinate group; @ is a dimensionless tempera- 
ture group, and N, a dimensionless group in terms of the transport properties 
of the fluid and the geometrical configuration of the viscometer. 

Applying the proper boundary conditions, Equation (39) was solved 
to determine the maximum temperature (i.e. at the bob surface) within 
the viscometer annulus. In terms of the pertinent variables, the final 


equation was: 


ue = 


2 
LW =a 
mn to ( : Vel 96 yx 210 (40) 


where Tew is the bob wall temperature; Tow is the cup wall temperature, and 


k, the thermal conductivity of the sheared fluid. 

It may be noted that Equation (39) predicts the bob wall tempera- 
ture to be directly proportional to the sheared fluid viscosity, but of 
more importance, to the square of the cup speed. Furthermore, a complete 
analysis requires estimation of the cup wall temperature. 

In order to provide a check on the magnitude of the temperature 


bound predicted by Equation (40), an experimental run was conducted by 


bias fi 


ee 


dehOd BH Det ubioke? Pa col tae 


4, ‘A 
a im ae 


_sarsqied  Lisveye, oth matinee nd. 


mr Re, ar Toon cee | \ Ope eek ce f Vina agai ays (Oo | 
(esIonS wile may Le Bay es of Tad hee 


Bit 





~The Df aa 
~srsinadr fisw 


na 


SUNS 2qnst edt To sha hippy 


yo Betoubaoo Baw. wiry fs bi 
FT a hy, fl 7 


7 i 





72 


shearing a heavy Newtonian oil (y = 117 centipoises; k = 0.082 BTU/hr. ft< °F) 
at a cup speed of 4.5 RPS. For this flow system, the bob wall temperature 
and cup wall temperatures were calculated (APPENDIX FOUR) to be: 


uh = T+ 10, 226°R 


— . Oo 
a pe LOMO TS 


where Top is the temperature of the cooling fluid from the Aminco constant 


temperature bath. 

Thus the total bob wall temperature rise would only be 0.26°F. 

In fact, the magnitude of this temperature bound was confirmed during the 
experimental run by utilizing the Aaa decrease in bob deflection to cal- 
culate an "average" ener Gave rise across the annulus (0.15°F average ex- 
perimental versus 0.26°F calculated maximum ). Further, it was noted that 
the total bob deflection decrease occured within five minutes of the start 
of the test run. 

Since the oil used during the above experimental run approximated 
the viscosity of the system used during the subsequent experimental pro- 
gram, temperature rise during test sample shear is not of sufficient mag- 
nitude or duration to warrant consideration during interpretation of ex- 


perimental results. 


II. Selection of a Thixotropic Model 


Selection of a Thixotropic Model 


One of the objectives of this investigation was the selection of 


a non-volatile experimental thixotropic model which could be continuously 
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re-used. This requirement inferred that the model would have reproducible 
network regenerative capability. If this objective could be met, then two 
important problems would be solved; namely, (i) the requirement of handling 
large amounts of test materials would be eliminated and, (ii) during cor- 
relation of test results, possible individual sample differences would not 
have to be considered. The initial stages of the experimental program 
were, therefore, devoted to selection of a thixotropic system which would 
provide reproducible thixotropic behaviour from only one sample. 

Before proceeding, it should be stated that this objective was not 
attained. For this reason, it is instructive to follow the experimental 
developments leading up to the final selection of an experimental model 
aah to the simultaneous selection of the final experimental program, 

The initial choice of a thixotropic model was relatively straight 
forward, since at least three investigators(14,16,25) had surmised that 
thixotropic behaviour in one experimentally feasible system was due to a 
loosely bonded wax crystal network. Accordingly, a highly refined sample 
of eicosane (nC - 12) was diluted to various concentrations in a variety 
of solvents (acetone, heptane, octane and Diol-34*). These mixtures were 
then inserted into a constant temperature bath and visually observed over 
a range of temperatures from 30°F to 10°F, Except for the Diol-34 mixture, 
in which network structures were formed, the remaining solvent-wax 
mixtures precipitated wax crystals. Consequently, all base solvents, 


with the exception of Diol-34 were discarded. 





ae pr FR 


* An uninhibited napthenic base lubricating oil with a viscosity of 15 
centipoises at 70°F and a pour point of -50°F. 
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Tests continued with the eicosane-Diol 3. mixtures, but it was 
generally noted that regardless of the eicosane concentration, once a net~ 
work formed at a specific temperature level, the network appeared so rigid 
as to preclude satisfactory viscometer testing. It was tentatively suggested 
that a longer wax chain fraction might have a wider network formation tem- 
perature range and thereby have a "looser" network. Consequently attempts 
were made to obtain a pure long chain wax fraction. 

During the interim period, a few preliminary tests were conducted 
using a commercial sealing wax, Parawax (ance 26), which was mixed to 
various concentrations (2.0, 5.0 and 7.0 percent by weight) in Diol-34 and 
visually observed at various temperatures between hoCr and 90°F, At 60°F, 
the 5.0 percent mixture appeared to have a "looseness" similar to that 
desired, so the mixture was subjected to a few rheological tests. These 
tests merely involved slowly cooling the wax-oil mixture from 120°F to 60°F 
in the viscometer, allowing the sample to remain undisturbed for an hour 
at 60°F, and then measuring the rheological behaviour of the sample at a 
constant cup speed. The subsequent test results indicated that this system 
appeared to be a very good thixotropic model,displaying both pronounced 
thixotropic behaviour and shear stress network growth. 

Subsequent to these preliminary tests, it became evident that a 
suitable long chain wax fraction of the purity (99+%) desired could not be 
readily obtained. Therefore, from lack of a more promising wax fraction, 
Parawax was used as the wax fraction during the remaining test program. 

Since the 5.0 percent by weight Parawax in Diol-34 system appeared 


to be a most satisfactory thixotropic model, a testing program to measure 
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the rheological behaviour of this model was begun. Such a test program 
involved continual re-use of one sample (about 100 c.c.) at a variety of 
predetermined cup speeds, at which thixotropic decay and shear stress 
growth curves were to be obtained. However, after a few experimental 
tests at one constant cup speed, it became evident that the thixotropic 
decay curves were not reproducible, i.e. the absolute error between 

shear stress values from the individual thixotropic decay curves, as 
selected at a specific shear test time, was greater than the desired error 
limit of 23 percent. 

Since such non-reproducibility might have been due to sample 
handling, a standardized experimental procedure was developed. Utilizing 
this procedure, outlined in Figure (16), additional rheological tests 
were conducted at predetermined cup speeds. However, as before, the 
measured thixotropic decay curves were non-reproducible. A few test 
results, as shown in Figure (17), exemplify this latter statement. 

However,one relevant fact was noted; that a comparison between 
individual shear stress values, as measured after one minute of shear, in- 
dicated that this shear stress value decreased as the number of rheological 
tests increased. Accompanying this decrease in shear stress at one minute 
was a respective decrease in the measured yield value. 

Since the experimental method had been standardized and rigidly 
conformed to, the non-reproducibility could be attributed only to changes 
in the physical characteristics of the model. This conviction was further 
strengthened when it was noted that as the number of tests increased, an 


increasing number of wax "threads" remained undissolved at 180°F. It was 























! 
i | wht ia 
| | fatvemtaraaice 











Wil | sui a 

















Ct, RRM ith waaeiival out Pe) sack vias 














, 5 ; a? 
Me iy o 





a neg Lome io ss 








‘wad crabs. to ict on0 ‘cot 





kobiwio inet te wm 








‘garni 























, 


(0 


Test Sample 
5.0% Parawax-Diol 3+ 





— Heated to and maintained 
at 180°F for 20 minutes 








Quenched to and maintained 
at 85°F for 20 minutes by insertion 
into a constant temperature water bath 











Inserted in viscometer at 85°F 
and slowly cooled (© 0.43°F/min) 
to 60°F; cured at 60°F for 1 hour 













Test sample yield 
value obtained 








Rheologically tested 
at prescribed experimental 
cup speed 
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FIGURE 16 


Initial Sample Handling and Rheological Test Sequences 
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suggested that the formation of these threads was, by some unknown manner, 
influencing the rheological behaviour of the test sample. (Actually, the 
quantity of wax so involved, as determined by visual inspection, could not 
have been more than 1/1000 of the total wax initially dissolved. Neverthe- 
less, the phenomenon could not be attributed to any other factor) 

Since the formation of these "threads" could possibly be due to 
chemical combination, a straight distillation-run oil (CWO) without cata- 
lytic chains or additives was obtained and a wax refinement procedure in- 
stituted (as described in "Physical Properties of the Components of the 
Thixotropic Model"). With these ingredients, a series of tests (27 in all) 
were conducted using a 5.25 percent by weight Parawax in CWO solution. 

In the interests of brevity, individual test results shall not be 
discussed here (see APPENDIX FIVE for an abbreviated analysis), but in sum- 
mary, it may be stated that thixotropic reproducibility using one sample 
only was not attained. Moreover, it was tentatively concluded that regard- 
less of the experimental technique, re-use of one sample would never yield 
reproducible results within a reasonable time limit. This conclusion will 
be given further attention in the "Discussion of Results". 

Two alternatives were thus available: (1) to discontinue use of 
@ wax-oil model and replace it with an alternate thixotropic system, or 
(2) to develop a technique capable of handling test samples on a once-~ 
through basis. The first alternative was considered but discarded after 
an investigation of possible alternate systems (i.e. clay-water suspension, 
silica gel grease, various concentrated polymeric~-solvent systems) revealed 
that they did not possess any superior experimental advantages; in fact, a 


wax~oil system appeared to be the simplest of experimental thixotropic 
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models. Consequently, the 5.25 percent by weight Parawax-in-CWO system was 
accepted as being the most suitable thixotropic model. 

At first it was felt that a new test sample could be individually 
prepared prior to each rheological test. This approach was attempted but 
test results were erratic, and reproducibility was not within the desired 
experimental limits (i.e. 10 percent versus the desired limit of 13 percent). 
This latter erratic behaviour was attributed to the difficulty in obtaining 
a small individual representative wax sample for preparation of the in- 
dividual test samples. 

Based on the test results of individual sample preparation, a 
simplified statistical study (APPENDIX SIX) indicated that a gross sample 
mix equivalent to at least eleven samples would have to be prepared prior 
to a test; only one sample could be used from this mix and the remainder 
would have to be discarded. Hence, considerable incentive existed for the 
development of a technique which would permit storage of a gross sample 
without attendent physical degeneration. 

Gross sample storage was attempted at room temperature, and at 
intermediate storage temperatures up to , and including, 250°F. However, 
test results (APPENDIX FIVE) indicated that sample degeneration occurred at 
all these test temperatures. Hence, a gross sample was prepared, divided 
into test size increments and stored at cig in a commercial refrigerator. 
The implications avebont in such a procedure will be discussed in a latter 
section ("Discussion of Results"), but, as may be noted from Figure (18), 
utilizing this sample storage method, together with a standardized sample 
handling and rheological test sequence, resulted in reproducible (13 per cent) 


thixotropic behaviour. 
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Gross sample of about 1000 em3 
prepared by dissolving Parawax 
in CWO oil for )} hours at 180°F 








Gross sample volumetrically 
divided into 10 equal samples 
and placed in commercial 
refrigerator at - 7°F 







Allowed to cure in refrigerator 
for at least 48 hours prior to 
further individual treatment 






Individual sample withdrawn and 
placed in circulating air bath 
at 180°F for 2 hours 














Sample withdrawn from air bath and 
quick quenched by insertion into a 
constant temperature water bath at 
85°F; cured for 24 hours 
prior to further treatment 











To rheological test sequence 


FIGURE 19 


Sample Preparation and Handling Sequence 
Prior to Rheological Test Sequence 








aut 
¥ ve Mii 





Tat Yi 
Hea \vick 
Aaah 

ay 





ee 
WP yarihiy 








The development of a follow-up sample handling sequence to prepare 
a test sample for a rheological analysis was relatively straight forward, 
requiring only that a procedure be used which was easily reproduced and. 
which would minimize possible sample handling errors. The sequence of steps 
involved, as adopted for the remainder of the test program,is shown in 


Figure (19). 


Physical Properties and Treatment of the Components of the Thixotropic Model 
(1) Parawax: 


The physical properties of the Parawax, as determined experimentally 
and as obtained from manufacturers(International Waxes Corporation) specif- 
ications are: 

Oil content - less than 0.1 percent 
Melting point - 133 to 135°F 

Although the wax was specified pure, in conformance with the Food 
and Drug Act, some foreign bodies were visibly present in the wax melt. 

As a purification step, about 1000 grams of wax was heated to 150°F and 
then vacuum filtered three times at that temperature. The wax was then 
cured at 180°F for three days, the temperature lowered to L40°F for 24 hours 
and then vacuum filtered at this temperature. The resultant wax liquid 

was poured onto a clean plastic surface to a depth ranging from 1/16" to 
1/8" and allowed to solidify at room temperature. The wax sheet was then 
cut into 1" squares, and subsequently cut into cubes (= 1/16" per side). 


The wax cubes were stored in a stoppered glass container prior to usage. 
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For the final experimental runs, all wax samples were obtained 
from one 1000 gram batch since experimental studies had shown a marked 


dependence of rheological behaviour on different batches of wax, 


(2) CWO Base Oil: 


The oil fraction was a straight distillation-run cut without addi- 
tives or catalytically produced fractions. 
The physical properties, as obtained from the manufacturer (Imperial 


Oil Limited) were: 


Flash Point 300°F 
Pour Point -4OOF 
OAPT 34,0 


The experimentally determined viscosity of the oil as a function of tem- 
perature is shown in Figure (20). 
(3) Thixotropic Model Preparation 


The thixotropic model component fractions were obtained by accurate- 
ly weighing the individual wax and oil fractions on an analytical and 
Bouillon beam balance respectively. By this method, when two components 


were finally mixed, wax concentrations were within t0.001 weight percent. 


III. Rheological Behaviour of Thixotropic Model 


Network Formation Characteristics of the Thixotropic Model 


The fundamental characteristic of the thixotropic model is its 


inherent ability to form network structure. This is not a characteristic 
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FIGURE 20 


Viscosity of CWO Oil versus 
Reciprocal of Absolute Temperature 
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unique to this chosen model, but rather, is demonstrated by similar wax-oil 
systems (14,16,25). However, for each individual system, the network for- 
mation characteristics, and hence, the resultant rheological properties 
differ from those of other systems. Such being the case, some of the 
characteristics of network formation and the subsequent rheological be- 
haviour of the model will described. 

At elevated temperatures, the wax-oil model displays many physical 
properties which are essentially those of the solvent oil. For example, 
the temperature dependent bulk volume coefficient and the temperature de- 
pendent viscosity of the wax-oil model are, in most respects, identically 
Similar to those of the solvent oil. 

However, once the system temperature is lowered beneath an 
experimentally determinable temperature, the wax-oil model displays marked 
anomolous behaviour. The incipience of this behaviour is characterized by 
a visually discernable "murkiness" or "cloud effect" throughout the Liquid 
phase. This latter behaviour is directly attributable to formation of wax 
crystals or clusters of wax crystal chains. 

The formation of wax clusters has a profound effect upon the phy- 
Sical characteristics of the wax-oil system and subsequently causes abrupt 
changes in the bulk volume coefficient (Figure 21) and in the temperature- 
viscosity relationship. Further, the consistency of the system becomes 
markedly anomolous, being characterized by both non-Newtonian behaviour 
and shear time dependence. These latter characteristics necessarily require 
specialized rheological measurements and testing techniques. An example of 


such rheological behaviour is clearly illustrated in Figure (22). 
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If the temperature of the experimental model is lowered below the 
cloud point temperature and if the model is allowed to rest undisturbed at 
this temperature for a prescribed period of time, then the system, if statical~ 
ly tested at low shear stress values, will display solid-like properties. 

For similar systems (42), this behaviour has been ascribed to a weakly bonded 
three-dimensional network of colloidal size particles, the bonding forces 
of which are due to van der Waals-London attraction. 

The static strength of the wax cluster network may be measured in 
a coaxial viscometer in a manner analogous to tensile strength testing of a 
piece of steel. That is, simply by rotating the viscometer cup and noting 
the stress and strain in the sample prior to destruction of the network. 

Such tests have been performed. As may be noted from Figure (23) the 
strength modulus (i.e. the stress/strain ratio) of the network is variable. 
This behaviour is typical (42) for systems of this type. 

As the shear stress is slowly increased on a test sample, a stress 
value is reached at which the network bonding forces are overcome; at this 
point, the network linkages start to break in an almost autocatalytic fashion. 
As previously described, the stress value at which this behaviour occurs 
has been arbitrarily called the "yield value", presumably for lack of a 
more definitive term. 

If the shear stress is maintained at a value equal to or greater 
than the yield value stress, then the test sample, by virtue of the network 
destruction process, loses its solid-like properties and starts to flow as 
an anomolous fluid. 


In addition to the network strength modulus as measured at 60°F, 
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FIGURE 23 


Static Test Behavior of Thixotropic 





Model Network at 60°F 
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the yield value of the model was measured at other temperatures. The test 
results, as shown in Figure (2+) are highly specific, since, as shall be 
described, a family of curves, each corresponding to a different rheological 
test sequence, could have been measured. 

To this stage, it has been implicitly assumed that at a specific 
temperature level, only one characteristic network structure is present, 

In actuality, this investigator, as well as others(1,16) have noted that 
the measured thixotropic behaviour in a wax-oil system is drastically in- 
fluenced by the method used in reaching the test temperature. In addition, 
it has been noted that the time for which the sample has been allowed to 
rest undisturbed at the test temperature has a profound influence on sub- 
sequent rheological measurements. Such behaviour is attributed directly 
to the formation characteristics of the basic network structure. 

Actually such behaviour is not surprising, since if the fundamental 
structural unit is a wax crystal or wax cluster, the physical behaviour of 
the structural units, and hence, the behaviour of the gross structure, 
should be influenced to some degree by the same variables which govern 
way crystal characteristics in simple solvents. In simple solvents, the 
predominant variables determining wax crystal habit are: (i) temperature, 
as displayed by its influence on the equilibrium concentration of wax crystals; 
(ii) rate of cooling, as displayed by its influence on crystal size; 

(iii) duration of curing, because of the time required to reach an equili- 
brium state. 

Subject to these considerations, it would be suspected that the 
formation of a network should possibly be a function of all three variables. 


In fact, as previously illustrated in Figure (24), the relative network 
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FIGURE 2 


Yield Value of Thixotropic 
Model versus 
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strength (as deduced from yield value measurements) is markedly dependent 
upon temperature. In addition, at a specified test temperature, the 
measured thixotropic behaviour and hence, the network properties, are 
markedly dependent upon rate of cooling and duration of curing before 
the rheological test. This latter fact is suitably demonstrated in 
Figures (25)and (26). 

Inspection of these Figures reveals several significant features. 
First, for identical curing times at test temperature, the shear stress 
as measured at one minute for the quickly quenched samples is significantly 
greater than the corresponding shear stress of the slowly cooled sample. 
Secondly, the rate of growth of shear stress (i.e. as measured at one 
minute of shear ) as curing time increases is very slow after one hour 
for the quick quenched samples. In contrast, growth in shear stress at- 
one-minute for the slowly cooled samples is markedly significant even 
after one hour of curing. Such behaviour serves to illustrate the com- 
plexity of the rheological properties of the wax-oil model, and further 
emphasizes the requirement for rigidly standardized rheological testing 
techniques if rheological measurements are to be compared or correlated. 

It is evident from the above considerations that the structural 


properties of the network may, in general, be described by the following 


relationship: 
£(NS) = £(T,CR,t,) (41) 
where: NS = network structural properties; 
T = rheological test temperature; 


CR = cooling rate sequence from T, to T, where T, is 
a temperature significantly above the cloud point; 
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te = elapsed time from start of sample preparation to 
start of rheological test. 


A further extension or clarification of Equation (40) in more def- 
initive terms, such as in terms of the Theory of Thixotropic Behaviour(1) 


or in terms of molecular interactions, is not available. 


Selection of the Experimental Test Program 


Initially an experimental program was selected which was essentially 
identical to that of a previous investigator, Ritter(1). Such a program 
would have entailed measurement of thixotropic decay curves and complemen- 
tary shear stress growth curves at four viscometer cup speeds (0.3 RPS, 
0.8 RPS, 2.0 RPS and 4.5 RPS) at each of three test temperatures (60°F, 
45OF and 30°F). The primary incentives in the selection of such a program 
were, (i) to obtain sets of thixotropic decay data with which to test 
the Theory of Thixotropic Behaviour(1), and (ii) to obtain rheological 
data which would permit a more precise definition of a the thixotropic 
equilibrium shear stress. Measurement of the latter quantity had not 
been possible with the thixotropic fluid (Pembina crude oil) used by 
Ritter(1) because of sample degeneration (loss of volatile hydrocarbons) 
during shear tests. 

However, after analyzing the experiments on reproducible thixo- 
tropic behaviour and on network formation characteristics, it was felt 
that the objectives of the initial program could be met equally as well 
by an alternate experimental program. Consequently the initial test pro- 


gram was modified to the experimental program schematically illustrated 
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in Figure (27). The premise underlying the selection of this experimental 
program was that sufficient complexity of thixotropic behaviour existed 

at one temperature so as to eliminate the necessity of obtaining additional 
thixotropic data at other temperatures. 

Several salient features of the experimental program are worth 
noting. First, this program provides only two sets of thixotropic data 
as opposed to the originally planned three sets. This is not a serious 
drawback, since in fact the primary aspects of the Theory of Thixotropic 
Behaviour(1) could be investigated by only one set of data. 

Second, as has been previously described, an exact sample handling 
sequence was required prior to a rheological test. Once an individual 
test sample was removed from sample storage, a minimum of 52 hours of 
carefully programmed steps (seven in all) were necessary prior to a vis- 
cometric test. Fortunately it was possible to stagger the sample handling 
sequences such that upon completion of one rheological test, another 
test sample was generally ready for insertion into the viscometer. In 
this manner, it was possible to obtain a set of thixotropic data (10 rheo- 
logical tests) in only nine days. 

Regardless of the rheological test sequence, all samples were cured 
at test temperature for four hours before rheological testing. This cure 
time was considered quite satisfactory despite the fact that, for the slow 
cooled samples at least, static network growth would have continued beyond 
this cure time. It would have been more desirable to test only a finally 
stabilized network, but in practice(17), rheological tests on network 


forming systems are almost exclusively conducted at an intermediate stage 
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of network development. This arises from the fact that the time required 
to reach a stabilized network is beyond experimental feasibility, re- 
quiring, in some eases(17) constant control of cure conditions for periods 
up to two years. 

Although no specific criteria has been developed to indicate the 
length of time a sample should be cured prior to testing, it would appear 
desirable that rheological measurements be taken at as an advanced stage 
of network growth as possible. The reason is that such measurements will 
exhibit greater anomolous behaviour and hence, will facilitate interpre- 


tation and correlation procedures. 


Rheological Test Sequence and Viscometric Testing Procedures 


The previously described experimental program (Figure 27) was 
designed to quantitatively measure thixotropic behaviour of the experi- 
mental model. The sample handling sequence (Figure 19) has been ade- 
quately described, but the experimental methods used during the rheological 
test sequences and the viscometric test procedures have not. Consequently 
a detailed description of these latter steps will be outlined in the fol- 
lowing paragraphs. 

Prior to insertion of a test sample in the viscometer, the tem- 
perature of the cabinet air bath and the viscometer were adjusted to the 
desired temperature; for the slow sample-cooling sequence, 85°F, and for 
the quick quench sequence, 60°F. Then the variable speed Graham drive was 
adjusted to the selected cup rotational speed and tested several times to 


ensure the external dial setting was correctly positioned (i.e. using this 
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procedure, cup rotational speeds could be set within 40.5 percent of the 
desired speed). The viscometer bob was suspended in position in the cup 
by an appropriate torsion wire and then levelled and centered via the 
viscometer elevator and movable support platform. After these preparations 
a test sample was inserted into the viscometer by gravity flow through 

a funnel-flexible tube arrangement attached to the sample inlet line at 

the bottom of the viscometer cup. 

For the quick quenched samples, insertion of the sample was followed 
directly by four hours curing. However, for the slowly cooled samples, 
after the sample was inserted, the viscometer assembly and cabinet air 
bath temperatures were simultaneously lowered at a steady predetermined 
cooling rate of 0.43°F per minute until the test temperature (60°F) was 
reached; the test sample was then cured for four hours. (The cooling 
rate of 0.43°R per minute was the maximum cooling rate of the Aminco 
constant temperature bath attached to the viscometer assembly. Through- 
out the test program, measured cooling rates did not differ by more than 
*0.02°F per minute) 

Following four hours of curing, the test sample was ready for a 
rheological test. The Graham drive motor would be started (i.e. the vis- 
cometer cup set in motion) and the resulting bob deflection was noted 
according to a programmed test time sequence. Generally, the first bob 
deflection noted was at 10 seconds, followed by a reading at 5 second 
intervals for the remainder of the first half-minute, every 10 seconds for 
the second half-minute and at 15 second intervals for the next four min- 


utes. Thereafter, readings were taken every minute up to a total elapsed 
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time of 30 minutes, after which readings were generally taken at 5 or 
10 minute intervals. 

Upon completion of a test, the rotational speed of the cup was gen- 
erally reduced to a lower predetermined cup speed, and the bob deflection 
again measured as a function of time. This second test sequence permitted 
measurement of network growth at reduced shear conditions. 

Upon completion of the above tests, the sample was removed from 
the cup and discarded. The viscometer assembly was cleaned and prepared 


for a subsequent test sequence. 


Experimental Results 


Experimental results, as measured in accordance with the experimental 
program outlined in Figure (27) are presented in graphical form from Figure 
(28) to Figure (41). The basic experimental data from which these plots 
were drawn is tabulated in APPENDIX SEVEN. 

It may be noted that the experimentally measured thixotropic decay 
curves have been plotted on semi-logarithmic coordinates rather than con- 
ventional arithmetic coordinate plots. Two reasons are given in support 
of this choice: (i) the relative decreases in shear stress as a function 
of time are uniformly distributed, and (ii) a closer inspection of the 
decay curve at pertinent points is afforded. The only disadvantage to 
this plotting method is that reproducibility errors are distractingly 
obvious in the first few minutes of the shear test. However, it must be 
taken into consideration that this time period is the most difficult in 


which to obtain test measurements. 











PeLeeh i il 


” 
AL MO tes 
= ? 0 


Ba oe Lt 


L~ ee pa ep of yrs 
With uations aun 


ceil che vee EBs: 


sel na i 
CP RAMIS tw = 


u 


tbl eal Ups 


Nk 
ey 


Hh 


Seve 4 Vidoes 7 1 ohn by Hy mth 7 
BOSUN fo/ifecn POW. Sa RSENS STING NS oat 


tt reve mrs iaAghhla  iin he, Mf my i : 
ned NB tt a a : g COO Naveed ty Pa hc eae 
ii f Tete Thy he a . A AEN 


A 


Coiba ae 


a 
iY a 
i) 


NF 


iid 


i 


RIES A NOH 
SOG 


i 
Rd 


SP. 5 Hf 
md tad 


meom 


yh) a i 


Bee ou 


‘ hela) 
bu ee bi, 
Wait 54.9) Gl My 


a, ‘LAL aris ay as 
th bi GO as Was fp 


y ee wohl oven ‘5 Jao erie 


4) 
s 


ASG 


i 


u 





LO] 





















































O¢ 













































































































































































































































































































































































































































































i | | | | 
{ftp 4 iH SOQNUTW — SWEL Ft 
We {= iH ina a HOT HI ity 
He il | HE HTH 
il 1 Tea Mt i | 
any fa} \ Hu 
Hii ea till 1 ae 
rind | \ H Hu 
i [| fy [I li LW HATH 
Ha 2 : HITE EH int it 
TT HEAD | HN i | il {| HT 
UC i nvm rf a 
j & Hil HUY ill LH Ht Ha 
7 Thy een WT iM LL i il | ij 1} I TOUR 
pep Rascal ill itl TH I 
| i : | | af Loa Se TH It ] Ht 
sei}: —_ + { St iH tht H i 1 | 
eS | “CHITA Sees i HA EATT LUGE TA 
i i TE SEL | th HTT ADS Cort iL 
Ova UH TUE AU I : Ht HUT 3k I I | 
a ni 1 HLSTTUAEOHET ce INIT 
Fear ail nnTeTT Reet ER ine inn HA aati HN ATH HT 
ST FATED We ET Tl al ALL HTM TNR HE NEV A 
ES i a MUR SQ 
PE nn HEHE HHH ET EL nT HHL 
“fp | ryt TTT HT NY l i HUME Fa 
ml j I Hi im alates nn cn Kn Baa nv Mt HH 
7 rf Tt ii bandon | | it i Wh i i h it ‘ ett HT 4 
mili ite a Mth r i it { iz | it tt it TM ci MN HI HI | 
Peat | Sl oH | LH SEERA AUB EG inne 
EA AE ieee Ul mnt il | Sta ae 
| HI thi HW HE itl UH te ui 
ea a ET tt a HN BAH f 
HEH cal I Hi T iN OMT I Ht it 
Bian at a an Ul INU REET SUH 
Eta Ten | at ma INL 
| | LT fF | || it | il al 
ui et He TT 
‘gear cence ils CCN i Haas 
Sdu 00€°O = peeds dno TINT Hh InGaN I 
Liv Huh 
38eL etdues petoog ATmoTs =f i tl 
eral raat RatRA 1 ill 1 + iT + 
| {4 iT Hy | il | WATT | 
(PUTL Snsi0A ssorzqzg xzedDUs) aaa j | Huh Mt 
| i i HL He 
| 2@AinD Aedeq ssezqg Azeeyg otdozzoxtTYL Hiainial ala il Wilt TATTLE i 
| | IH] | 
Cnn AUTH ANE OTOEH PORTE 
TEC Hn 
| ez want ite st | il i | | 
| HEEL aah 






















































































































































































GeO), 





















































































































































































































































































































































































































































293/741 


= (,0T x)SSelqS AeSys 


LO 
OO€ 


OSE 


O07 


OS? 


OOS 


OSS 


OS9 





aah 
i} hy 
Ay 


oo 


al 

cell bon 
i hens iti 
y Aird 


, 
atthe a frrnetn el 
yh Foenew by mask ps dob lesnnh fw pfrmppmny ts 
e aacia eaae eas lind aaa 


iy ; oe ‘ * ‘ ry i 
=a ieee nas arash ea eT cata 
Terai ee eae 
Reha tcorseengaty Deana yom Sua Wrage 

Ae Waidt ae 


rm imate > 
x PAP: YOURE LN) PDI We 
poem et aaa 


SOHINORSEAES TP | aa 
ENOL ; les i xan, tg dh, 
: } FOR Zap aes 


re 7 ty nt ern 2 













































































































































































































































































































































































































































































































































































































































































































































































OOS 00¢ OT O°S OG 1A) 
iH ll ,0GS 
| VOTE a Su soqnutH —- euta | 
anni | EEE 
| Pe gain NTO 
TLIC} | | ! A A RE ror 
ini FENG ES 0) HARLAN VOU AROS I 
0S9 
es Se 
i TTT wi 
sae aut TEE ate 
fd EOE OE STA IH 
‘|OSZ 
ea) 
Sy 
oO 
S) 
K 
n 
R 
® ‘0S8 
ee 
O) 
Tee 
HE = 
nH = 
AIT {OS6 
HT Ke 
a 
Hh 
3 | 
Hh 
i TL aes 
aa nT hee 
ra a E alt : 
Sdd 008°0 = poeds 
3#S9L eTdures petoop ATmots 
OSTT 
(SUTL SsnsztoA ssaz4g zesys) 
eAinDd Aedeq ssezig zeayusg oTdoz,OXTUL ; 


6c daNSTA 












































































































































































































































































































































































































































































































































































































































Wa MIE 
Deri tlh d 
Hat iy wy 
Haba Lt 


ea 
aie i oie 
Bachaaidet 


Die Slee V4 
ferea pop Soph 
nEiany f 
i 


beard dtl tanee 


Scag: 

rei 

aeeee: 
i Bikey iG a a i Fh Se 
i i i Ah At DN EC YS ee ” mr 1A 
| f f 


i Be A we i 1h Tk 5 an A 4B 
8 i he BM 


ime 
eo 


See: 


Besae 
zz 
San 


1 ii aac 


pebe 
a 


i RO RY 2 
Ya ene A 


= 
EE 


bys 


sie: 1 
ene 


ie 


Ge ts 


i : 
tras) 
~ 


1 a SUA Ut) WR 
FOREN LT HP SRO 
pores 





LOS 


O¢ OT OS 


oO 
N 
o>) 
aa 


(asda) 2 Ste re: | Ba‘ 0) 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































fin] TET EE ST TL | 5 
Brmunniiiitiitecaniiiit if Hl H F tt 
Pret ey | i il Soa UNS = Ord I i | it i fH 
es TTI TILL CACC 
00 0 GE EE | ATT | nies TTT LOOM OOO ROTH LUELANOATOOAG H | Ht it rT 
[i 0 Be a | | SII CATT | 
| | eC A MAGE Hi 
isan See a CEE 
ean PEE ih ih i tit 
HLA HA aA REE | HE 
1 PELE oll TCC | | 
op Ui eee | i | n 
ec a a Hone | rt { a 
0 Meas! ui Ul i e 
a I ETT PS Qo mi nee i a 
ean HINGE nna POSH me iM oe 
TH CCHIT Se EEE HGH TEA O. | 
iu HiME TTS i mE a 
i IT | man TET I i ne Hint TH | n 
HEHE Eo aa 2 
| | lala int TH sccUNNHNAD TL ETEEE CITT 
a i EE TUE HAA ase eta TPCT aI 
a + a 7 H | WH HELL il i } fT <4 c I) | nae 
it iH i 1 
Hi > 
nt Fh 
nn SS 
Hi mh 
ct 
| Nh 
it 
Hb 
Sdd 00°@ = peeds dnp 
3S89L oTduesg petoop ATMmoTS 
(euTL snszeA ssei4g zeays) 
sAind Aeossq sseazqyg zeeus otdoz,o0xTUL i 
Mm 
O€ aundla rr 





























































































































































































































hey 
eke ahd 
7 hes 
SWAN Gabhon 


iter 


bs ae 


Vea enl pews 7 
pation 
fort 


ae 0 ret be ele lem ods Lend 
:’ r i 


i 


i 


pennant + ame we 


shaper | angi I ‘aid aa 
ggasresesa: 


meray 
sy ae 
EEE 


creed ton et 


names 


Bi vai: hie, FT SE 
Ss UL eal > 


dhe ad ondicanp ra eno 


r 


2 a 
y 


bargencd 


ae 


Atos 


fuer 
HME: 
ta 


[GB ESTEIES 
BREE SEE 
SBRESEEES: 


ok oes RE 
alk 


Gaul 
Wigs eh hike 9 eo Devs dealt aoe 


ae SR He Wea bl 


iN et MA: 
52 Td 10 Ne I a 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































02 OT 0°S OnsG G0 cE ex6) 
fl TH 4a) lal 
SOWNUTW -— UTZ I me a 
| HBR 
tH lett nuunnon nena uu [ alalalaiali 7 
ITAL ELECTR EEEE CE i 
TTT 
HTT 
TT 
mn 
uh n 
‘S) 
| o) 
os 
| B 
op) 
HI fe 
HAUL oO | 
| n 
if | nm | 
anit = | 
HU a 
OAT = 
mT TUTUUT <= 
ATT 
tt HH I 
WH | i 
if} | I eo 
tl i o 
WT rh 
iNT | a 
NOT cr 
MINT N 
HENCE 
FATAL nn 
NANT ADOT PGA DSU NTH 
Sada 0S°y = peeds dno = ELEN 
3S90L eTdues petToop ATMoTS | SAT) HUE in 
| ELISE GNTAETEL TTS 
(QuTL snsxea ssezzg xzeeuUs) Ht ii mia THIN i 
eAing Aedeq ssezqS AesuS oTdozj0xTUL | HLA oe HN 
b —! ni mt iH I Hh iT i} 
[ I Hh i ] Mi i Hh u 
Te gana | Hn i 
| i 





} ed sae) 
yrs ssn reg 


He 
ise 


i plarke yids 





Mees 


fee bn ane ee 
ta fk es aR eon ment sis ha 


1 
Na 
i 





O¢ OT 















soqnuTtW 














SS 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































OOS 
OOL 
n 
se 
0) 
ny 
im) 
~n 
Gi 
a | 006 
n 
Yn 
* 
ke 
oe) 
eS 
OOT 
I 
4 
oO 
HA 
| SS 
| a) 
i ct 
ae ~ OOo 
ull 
Sdd 00€°0 = peads dno i 
qZsoL SsTdues peyouend yotno 
OOS 
(SWI L SNSTSA ssaez4g AeeUS) 
eating Aedeq ssaerz47g Aesys oTdoz,OXTUL 
cg dadaNdSTsA 






















































































rain = 
may i ¥ ea 
BN a + Mel a 
BEINGS Yo ib pie oe 
; A 


frente 


Larus) ans 


simi 


soe ae 
DLT dead iaseld 6 
Te 
sn 


Nt 
; 
Eich 
t 

i 
I 


A bapa ceed ym ebb 


ape fel rt 


po 
ie ee 


nay ety 
He 
i 
jen ie 
ce a 08 


i 
ne Nea a 


\ bane i Me) ABA ea SA a) 


43, aot 


at 
ad Oe Sores 
Trnton se Sh " 
rat ryre Mey soe th 
p q ane ° eer Seat re oD 
iW Ah mwipsise! bine My vs el 
; “fs } Rites eal Sav i 
3 wi if bhai pct rfp ens ol ks ipa panini 
in 


an meek id0” A so pe 4 " ‘ re 

a Pa pei rete 
x rear ost iat Chit 
m rtbevetyepeni Nehiy) 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































002 Oz OT 0°S OPE GeO (A VETO) 
TH HN HOTHOOOT VORGY RG ETAL 008 
; 
seanuta — our [ANTNTNET Ht Hy 
ttt 44 = i BUG 
in UL Luli! Te HT it 
t | mint 
| mn 7 
ITT 
A IO 
itt itt 
HA 
i 
I 002 
Y 
pS) 
o 
pw 
K 
™ «an; 
! - ot O0V 
| 0 
n 
n 
e 
it [ = 
i ws 009 
| — 
‘i 
kr 
oO 
Fh 
v SS 
@ 008 
HUiGaEne fo i i is 
a NTA AE VT 
; L| 
Sda 008°0 = peeds dno [ 
| 3S9L eTdures peyouend yotno anna 
| IF |! 000 
(QUTL SNSZ0A ssazag Azesays) it NI 
eaaind Aedeq ssaizqzg zZeousg otdoz,OxTuUL RAE DS ULE 
yy 
e€ cAdnNdSITA i i ‘ie \ 
=e si - See ee HEE m 002 














ll Bile fatbacee i re 8 


hetae 


fact eae ad 


settee 


. 
Rapes a ee ae 
. i HW 
i 1 } 


He 
plan dnl ra 
Ae 


De ee Sa atl 
Ay teatbes 


; sep enetyeit i 
conn tee ben am epo i iepeyl 
is TRIN HOU 


ne El 
ae 


re 
Y 


Leet we = 


wr gM 


Ea 


eoligs 
ects 
ER ees, 


eu 


ps 
a 
hyn 


tae 


ag Se 


rte 


@ 
it 


th 


bh ae 


* 
ens 
Lijmet sobrarev earns a Coarerhbed 


epee at 


eats 
i te UR 
seven “ 
Wate INN: wpe ied 
ee 4 


LD, Ts VA AL. 
A a Ce 8 
fs us at, 


" i 





O¢ OT OS OZG Ot Ses0 CO IO 



























































































































































































































































































































































































































































































































































































































































































































-| | na T AI mM OOOT 
iM 1 i SOJNUTW -— SWUTL fill i ii i HI 
| [ it HH Fa TTOTTAVOT ANON DOO au Al | qt Til 
oH Ho a Hi Tn 
f i | INI | OOFT 
rH cE II TTT inn tt AT 
“EL ~- HN InN i 
aH i — Wi I | ITU A 
H aa HINES 3 c00 HEAT THM NEAT 
Hn i Hi | ti tH | | | m |OO8T 
4 A ba a a a a ia | oy 
fl Hn 4 H i TU e 
Beate ut in He ; 
MIU Ee Ea ea a Es + Ht iW WM 
Hes BEEE| HH Hee Hl ea | c 
iH ; lint md AI in mI a |O0¢? 
a 1 i | AH TH it tit t dit HU BU pBUBR n UTE o 
Se acaaalieaaatit HEEEECCEY FERRE Oc REESE a 
fit TIL LAGGNAED HU CULIHUT IUD i his 
if] HIE j H ALLL WIN EAL | Oo 
i ia SESS a 
: IE te 1 |oo09z 
fat : 
ir 0 
i itt v us 
tH 4 
Hnne 
oH OO0E 
inngD 
a8 
ret 
{ 
Sdu 0°¢ = pesds dno tet a Mt na 
389, eTduesg poeyouend yotno © nt THA S 
Aen i IT oove 











it 





(SUTL SnszieA ssor4g x7e9yYS) 
aaing Aeseq ssarzqg zesusg otTdorzyoxTUL 



















































































ye dAaNnoIdA 



































hte 0 


au 
gees aps 








f 
ae Es 
+ 4 cet 
Reese: 
be al 
bad 


pike hone eee soc eae oh a 
ent in one le Sn es 


1a i 


im nesag nap hte nt: 


\ ROTO FRG lt 
whe atep eee ber aegis . 
; wibesciievertsehl 


aes Pics 
See 


ze eect 
Sab aad 


Seance 


bathe mat 


" ip eh 


i archemifh = d 
4 as i 
nu i aoa. az 


iio 



































O~ OT C=O T-0 































































































































































































































































































































































ARQ RE TTET UTE TTT HHT 009 
8 EH UTE pit SFU] (ETT EEG GUE TTT soqnutwW 
il (EEO) EN PELE EES SSH FLT Th TT 
pti | | AU AEAOA AGRO ATO LI 
f HTS any DT 
TO Se au LE an NNN NA HOE 
| EE EEE Hitt 
Tam iti un 000 
2 a She. 
| | Ti 
| ul iitd Hi 
| Tn a a I 
| HTT | 
| a 
biti uit OOV 
Hatin HAL 
iH i | Ht 
AT 
HAA 
rt 


aAInD Aeosqd ssoxz4S AeSUS 





LC 























= 


SSS So RN 























s=S5 


f= St 


t= 
i 





008 


































































































= 
= 













































































=== = 























itz 











ee ae 


Sdu 0S°py = pesds dno 
4seL oTdues peyouend xoTtnG 


(aut, snszeA ssaiasg xzesys) 


Se dunold 

















DTADOAZOXTUL 






























































009 








o35/F AT - (,0T *)sse23S aeeys 





















































Q00S 































































































































































































OO 


; senso ere ary 
cect iment ate 


8 LG Ds ROE BES HR 
0 FA CL 


i 

{ 
‘ 
5 





muse nea 
fy 
t ae Vet 


aoe 


i Mr 


; ' i 
ewe eben ek bene Hy cal Nant 


pe 


Babee! 


hedipmbee hs 


sien ‘a 


ne et ie —b- as 


‘ tna 
ime poet mh 























se 


O€ 





SORNUTWY 


out L 














09 
















































































} 
t 
1 
Ab 
Bt 
oie 



































= —Spess 3 aH Seen ne a HH : r ape r : HE a aol a an aH +t : Oot 






























































































































































SEIEEEE id iiddeazcseenseseeccete eae guatmsaeaeeeeeene ane 




































































































































































































































































































































































































































































































































































rt TT 
T a : E 
EH EEEEEEH EEE EH 
outs USEEECEDES ESS fos EEE Ost 
Kh a Ft : 
ae Sear iepiigeeeeistueensteil * 
EEE RE SEAS STEELE FH 
: BOG GGne BeCEGUSEEe peceueeaet Cee ce 
: iB na ae TH 
gee é gSeceeeusss voce beatl 
= GuBGnuEaeaFasSSGSRReE : sare ee BEabuSuene OCC 
PEER SOSeSeeEe “ooo at f 1 
i . i aaa t 7 a if 
hh 1 T | 
an 4 H FEE 1 
j i t ee eeea ai vi 






























































































































































GEE nedenestt gecsazeetstoos0 sess assetastsfeatetissasnsseete 09z 

















































































: al etusetn teenie E ne 
Sda G°7 7e 2204s “UTU OPC FORTY - © FHA ESE HEE PEE Pe Ue 
Sd 0°2 7 Aeoys “UTM OG¢ teqFY - o TERRA) Gee | 
Sdd 8°0 }e AeoYys -uTU Q9Z AeqSW - Vv J ioerazcenay Tasrenegeet : SS eraeeraeevendeere Sereesearetces 
AZO3STH AeaUs ar seceenaad eratuszed cezet nett geeepagecee rH : 
aa + PEEEEEE EH HH HEE PEELE ae S oeseeee : OS 
: PEEP FH sean beets at siete EEEEETH PEErEEet 
Sda 00€°0 = peeds dno iFEEEELCECEeaneeeeeeeeresatdts HEE 
4seL etdwes petoop ATMmoTS seeseeeees beset esses fase FE seteseseercsfases 


(euTL snszeaa ssazqg res8ys) 
®PAIND YAMOID sserzqg Azesys 


OSE 





eee 
Bt 





eee oo oere Boe : 
Sobesectsscsceaees 
wep RauaGnEEoSs 





233/701 - (,0T x)sseaas ress 





9€ AANSTA 








vl a) 
cate 


Sear en 


ea 


D. 
fe 





Se O€ ‘IG Ogre at Oe S 0 
























































































































































































































































































































































































































































































































































































































































































































































































































































seeeeseaeeeces OO€ 
SOQNUTW -— SUT, FRE Rae + seescevaeaesse 
3 EEE Ey: ' rH 
Ht by tededbseel paecdoseat cared PEECEEEEEE HEHEHE EEE HEE EEE EE 
eriiriunrenertua tain | a eerie ett Ove 
cS t + H 
a A CASE ES see Gnee sr ios Ath 7 { 
; ansninenvestataiat d BUSSE UGCEEESBEEEGEEGERE Sr cesetnatisatesfaviies ; O8e 
Ll 1. H tt anad 1 
EEO EEE FEES au ait EEE SEE CEGES Sates SeRSREEEEEEEEECOosea aaa EEETEEEEECezEe | OYA 
Regcesus 4 HE EEE 
A Ha i HH HEY nog is | f I i H cH 1 a 
ae ese ae anata ne great ree eaeeeee ee ate areata eee uae EET EEE EE looy 
PtH EPEEErH HH PEEP Baies EEEEEE EEE EEE HH PEPER HEE 
a i HH -H44 +t 
Esco eesniase a add taa aaae sz dee passe ceseecoeeecoaeesesesccssecareceeseremerereeet eeeeeeeer eee eet 2 
acre de ea deeeeare acetate toeetnatette terete PETE ETE Spe tee oe aa EE Let ogg 
ae aes 
n TO an gbe ata =iaa i FETE - apnea Preyer Tor eee Sunn ae 7 iB n 
Suusesseasnsas aaeaes Son eeaEe seueae 2 
; i if t + + H ia @O 
a i su) 
: it K 
Het eperietad & OVS 
Sdu S°7 Fe Zeoys “UTU OFZ APAFW - o | Ht TH rel A ie 
Sdd 0°C 3e& AZeoys “uTW OST AeIFeV - Y at Hh : Q 
AZOASTH AeDUS n 
% [08s 
Sdu 008°0 = peeds dnp = 
3Ss0eL eTduesg patooD ATMoTS S 
(eUTL SsnszeA ssazqg xeeys) ' Joz9 
SAAIND YZMOID ssez3S AeaUS = 
th 
PSS 
Le aandDTsA mm 
nN 





922) 





beste 
HY 


SEs 


Dine ae 


Ew 
= St 


se 





it 
ih 
i 


Me 
a ey 





Vs it 
Bs tarenitcry 
bahia: 


A aaa Hi foe iri bi wg 


nia) 


ang 


ity 
i 





Wl 
Vy 


0 GS OS Sv OV ae O€ PEciG 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































08 
| 
O28 
O78 
098 
088 
006 
EER Et E EH 
Pelee Hate o 
| i eager 0z6 
Peaea eae e gene ene Tsar SRen Gest cea! oa beseavewea an 
Sdu G7 }e ZeaYS “UTW OYZ TERT -. © Hee 
AZOISTH Teoys : 
Ove 
Sdd 0°@ = peeds dno 
3seL eTdues petooD ATMoTS 
(SuTL snszaa ssoz4S zesaUs) i 096 
BAIND YAMOID ssez4S xzAeaYS si tzee 
a 
se ddnota sbeere 
ae 086 





eae 
eet 


+) 
= 
A 
Z 
i 


i) 


te 
& 


pia 


Rete 


an 
vst int a 


Ryat 


eT ke 
nt Cooma 


Mov. 
FA Pen 
fom onal i 1 













8 RPS 


at OF 


HH 


creeb rere te + ~ “ “ 
; ny i" t { tr) | 4 
} } tsbepe Lhe +} } ' Vedat 
ft oveevd da vee ne i PePPEE Ey pth meeaeen nani eh plat ' ! aa 
Gee aoe Gee re i tt PEPPER EEE PRES TD EEL TT i ee at } 
ou be aoe s — 4 
Tt yiht TETTT Ty ErT Te OU AE RoR OD Peres Been bee T re) fo yy terry idderie 
iM hay Pei pee pebepreet } Php bre bbpre Peper Pbpb ppbpt PEP etter bbb tebe ype Vid} 
bhee PEP EEE RIAE ETRE BET db bt ppetet eli dapet hf bt bdep det it nm a ethedina tel dot 
' bopb ade Vabes peteboteb aaa bh ret Hib pdt tI dobbs Ly yl} euba das \ Pek bet 
pas Selarae ; Be ane hohe bb bpd opopeta fe ot Es a 
+ iat ' 1 ' tdoteh be +P tebe Ptetebt dt tehebtebet fete phate ii t ' a befey 
Pee I } an PEPER Py 4 ears ae ta beth ply eal He 
te t + bet ' ht tof b htt Petey tet thre ht} re tel | depot i im 
‘ t tie a 1 thy t+ t ttt ia eoe Lh ’ t hehe eh ft | ' 
r eee + ++ heeeba hh Ppt i a Renay a ie eens peewee 2 a) 
rh aaah ret { HH aaaan } aaa Ltt ae ht | 
+ } } 14 by | 
tr bhi} i bey eit | CEPR EP EEEEP Cert EEE ry Aer 
+ nes be ai +. 
aay jee a tebe} fob he again PP petted tefetet rit He 
5 a ie t HH ter Quy Hy | 
ethtt een ea ane + {" } LEE Ere | 
; bee pet eee: ety} eee vhf eae 
+ } I } | 
i } Pee } t tt Ty ' if { t 
ty ime f t i t 1 } 
PERCE ERTS t { i see 
' + 7 
} 1h Pet 
; een a ey 
i" i i 
N i 1 











f 
rE Eat HH 
ae 


shear 







Peet 
eees Fe 
5 +t 
EPEt 
‘ 
he 


th 
inet bay rend Bia ore T + 
eh by } ‘ 
Cry | 1 at i 
oe ret + te 7 
het 1 ae | i! 
thy bby $ I 
jaaee eee tH 
bowers pal bit + bet ' til 
senagenn WReSguEE aE pee 
jeaghend d hage Ly} i if 
4th tebep 1-4 
mes t 8 Ss 
cy H th oie 
Bee Hi HEE at 
rt PER ct 
+ A 
‘ 


FIGURE 39 


| 
tt 










Shear History 


- After 100 min. 


tet 
rf ETE ® - After 240 min. 


HE 
oe ae 
. 





Cup Speed = 0.300 RPS 





(Shear Stress versus Time) 






Shear Stress Growth Curve 
Quick Quenched Sample Test 
















ST aateaane a 
ee 
He a sae zane Ha aes 









zone ceeteced emeaual 
Se 









cee 
teHial @ fh 






ge ae ee se 


Loa 







fe 
ag a ie 









— 


soe 
ean weae euveca 


ere leashes 








oo 
SUE Bible HF ne 





shear at 0.8 RPS 


+ 


caooe aeaee 
- wees 





shear at 2.0 RPS 


- After 240 min. 


a 
ATE g# - After 180 min. 








seein a 
a 


Ht ae HttA 
BEE beet 


T x pre pr 
PHEEEEE scee ca 





shear at 4.5 RPS 





fapelanf 





60 


SS 


45 


40 


35 
















10 

























“a 


tH stat aera TOV PafataT ht 


























































































iH 
AE tn 
7. | Hl ey 7 
HUSA REL tL ayiie 
Hid i OHO fan AN <i i 
Lin bet eres Vo YW 
RR SUSaETEE Hed EX y py 
Mbstageteas BE & O H 
/ HH HEN Stes oY | 
te (ee oe Be HG Es 
a a ($33 8s gaa: 
i eaddiecistets : Sr ROR URES Cae) ALINE hie 
saa EA aE ae oe oo gt deel 
ae oe FTE rae sare tk no Oo ule z 
ea _ a cope ee eee 
Re eee eet ea HT oe ce fie) He 82 geet 
i FREER H op) oy Ql aA A 
Bu ae Eat EE cae Hea Git ee Sauer es 
Oe ee ue Joes 
ee eee eee oe Bnei ee Hite so es ig) we i 
eee eeGH aay eee nea ae Hu ‘siietla BEE oe HEE : 
HE . dele _ ct ae Pil = 
fs ee iets ze HEE HEHE oe SHE ote Hy oe ° : 
siueratec cae 


SSS a as 


. ‘i a ees 
eee 


a | 
ae _ a 














a = 



















os ch bE pscerser Breeseerabroszes 








Se 











stereait PH 
o35/FaT - (,0T x) ssez3S zeeUs 


oO Xo) 
we N 
wy wn 





0 
55 





60 


55 


50 


45 


40 


= 


30 


25 


20 


15 


10 


eee 


Cy MY 
pial 


ox) 


Ebe 
7s gSer 


Si 
& 
x 


: 8 
b 


34 
re 


- 


SyussEe 
= 0° SC 


aa 
ae 


tN) 


a 


i ae 4 
‘Ve 


t 


ify Foy lit aya 
ee f 


; 


A Sone 


Tide REY) 
ry 


i 


area crete) 
OMe. 


pa 


pact 


A biti aie 


ron a \ iy 
i ta ion 
Rack 
ae Ae einen } 
2 


ea a3 a 
niet 


oo 


Fz 


iis 8 
a i 
q PRI A ae lt 
4 ) 


Besehes 


sy 
at 
i 
3 
¥ 
u 
BY 
i 
I 


= 


os SS ee 
PABST nit 
por seie 
$2 Guedes S23 
= 


3 
Spa 
PreRrksrce 
be 


merit Haley 
RA Stes 


Siesse ie 
site 


qEsee= 

Soa0 

$egeboen hs see 
CEETagY serex 


ma 


23333 


5 


* 


FOR F 


Be 


sai We rad 


ras 
> 
ee oes 


pet 
Fath 


eres = 


SEsyesses 


_ 
way 


nea 


yi n\ 


9 


| 
pall 


bs 
Heeb List Yh 


re 


ee 


reaper nts 
One 
4 























Se O€ 


§ 


G 


O¢ 


; 
35) 










































































































































































































































































































































































































































































OOET 

















SOQNUTW - OUTS, 2 
oar HE i E soneea bans! “EH in 
aneueeees ry ig BEEenaRaud ge ie eaaed Boe 
Seep tt a7 Het 4 t : an H 
saaiee uy BEEEEEEESE = seeesesstat eeeeeeees Ovtt 
Pete aa 
; FEE : ea esate tf Sat 
H r ae sunsaeggaeuee or ope at 
iT it i + f nee 
i 8 H PAE THAR i" 
+ + 5 sued sans ste 
= aaa sgesemaegees! OsTtT 
a ae r Scere HH : 
i 2 a H BAA SHH torr 
tee + H et a i is g 
Bosse fasss nu] poses oss cones bees sees HrreaEnaa eraaiae eesezassCeatueaee PEEEEEEEEHE PEE Eee : 
f : = | E=zs TF a rat 7 tt 1 1 ch Ther if + E = ww L 
= PH ae Hy oncee=s nanaaie EEE 
Be jebesates ee eventaa prtaa nazi feaag tostseseattandt Pe OZ2T 
f mar +4 aa aa ea Hi ; 
EEErreetr err PEPPER EE aoe peered Pepe tet n 
HIE ad egued eeseee errata E 5 
Wa G0ana TaGEE EES SEES 7 4H pret oot 0) 
sewed gaesaatcas te ees coeeasenat er ; fo8 
Pret EEE EEE aaa 9) 
Crip 0 Tt in t | Ky + - KH 
Seana H 7 T u +4 
re Ht aamom ” 09¢L 
= i ct 
HEE |e 4 
i) 
“a 
n 
o~- 
™* 
I 
S 




































































5 Owen 
(o) 


























\ZOISTH XeOUS 





OSEeT 








| 
| 00°2 = peeds dug 
| 3S9L e[dues paoyouend yornG 





L 





(SuTL SNSTSA SssazRS Azesaus) Ceut 


@AIND YUYMOID ssoz4S AeSUS 








ty wunDla 








Timah pees 


Sve Reset ianes i 
Sipe cones june? 


[: ¥ bs 
i baa 
hy amtiovikit 7 


L 
uM 
a 

i 


ae? 
Me 





tba 


Inspection of the thixotropic decay curves (Figures 28 to 35) re- 
veals that the measured shear stress (as converted from actual bob deflection) 
decreased rapidly during the early stages of shearing. However, as the 
shearing time increased, the rate of change of shear stress decreased, and 
continued to decrease until the end of the tests. For all the test con- 
ducted, there was never any indication that the rate of stress decrease 
would become zero within possible experimental time limits. Consequently, 
in general, the maximum time for an individual viscometric test was four 
hours. This latter time, as will be discussed, was considered to be an 
optimal experimental choice. 

After approximately 100 minutes of continuous shearing, accurate 
measurement of change in shear stress became progressively poorer. Such 
behaviour may be attributed to two complementary effects. First, consider 
the equation for calculation of shear stress (T) from bob deflection (D), 
as measured in degrees: 

T = aD (42) 


where "a" is a proportionality constant (APPENDIX THREE). In practice, 





measurement of bob deflection under steady state conditions, or when the 
rate of change in shear stress was small, was usually within ulojaal degrees 
Hence, at long test times when the change in bob deflection was only 
elaeatly, greater than the absolute measuring error, the error involved in 
ascertaining the actual change in bob deflection became fairly significant. 
In addition to the above errors, but of considerably more importance, 


bob deflections at long test times (i.e. greater than 100 minutes) became 


subject to unexplainable fluctuations which in most instances were greater 
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than actual measured bob deflection decreases. The fluctuations appeared 
to assume the form of a random, but consistently present, oscillation 
sequence having both long and short time periods. It was possible to 
estimate an average mean value of the short period fluctuations, but 
estimation of an average mean value for a long range fluctuation became 
increasingly difficult. Consequently, the four hour test time represented 
the maximum time for which a full measure of confidence could be placed 
On experimental results. The source or cause of these fluctuations was 
never discovered, but at least one other investigator(53) has experienced 
Similar difficulties with another network type system. 

Moreover, even if experimental data had been measured up to 700 
minutes shear time (i.e. the maximum testing period for the experimental 
set-up) such results would not appear to have contributed significantly 
to determining an absolute value of the limiting shear stress. This fact 
is readily obvious if any of the measured shear stress decay curves are 
extrapolated to a possible limiting shear stress, and the corresponding 
time noted at which this shear stress value is approached. 

Generally, experimental reproducibility was within the desired 
limits of 3 percent and usually better than this value. The following 
table illustrates th .s fact to better advantage: 


TABLE 2 


Experimental Thixotropic Test Reproducibility 
Quick Qguenched Sample Thixotropic Tests: 
0.3 RPS 0.8 RPS 2.0 RPS 4.5 RPS 


Up to one minute: 2% 3% 2% 2% 
After one minute: 2h 1% 2% 1% 
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TABLE 2 (continued) 
Slow Cooled Sample Thixotropic Tests: 
Ossenes ss O.crRES «2,0 RPS 9 45 RES 


Up to one minute: 3 4% --—% 3% 2% 
After one minute: 1.5% aon% 2% 2% 


where the percentages are expressed as percent of average instantaneous 
shear stress. 

In all fairness, it must be stated that the above levels of re- 
producibility are quite good, although it is admitted that comparison with 
similar data by other investigators is difficult. The only published 
data on thixotropic reproducibility is by Ritter(1) who quoted maximum 
deviations between experimental runs of t3 percent. 

Although the slow cooled sample thixotropic decay curves (Figures 
(28) to (31)) were regular uncomplicated functions of shear time, the 
quick quenched thixotropic decay curves (Figures (32)to (35)) were not. 
Inspection of these latter curves reveals a reproducible "hump" super- 
imposed on an otherwise regular shear stress decay curve. The presence 
of this "hump", or "secondary effect’, is rather startling if reference 
is made only to those thixotropic measurements made by Ritter(1), but, 
in fact, other investigators(14,16,25) have noted such behaviour. It is 
also interesting to note that as the shear rate increased, the "hump” 
or secondary effect progressively shifted to earlier shear times. This 
fact may be demonstrated by comparison of Figure (32) to Figure (35). 

Before proceeding, it should be pointed out that the "secondary 
effect" discussed above is thought to be a characteristic of the network 


destruction process and is not attributable to experimental equipment 
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characteristics. This conclusion is supported by the experimental data 
of other investigators(14,16,25) who have detected such behaviour with a 
varied selection of experimental equipment. 

Inspection of the shear stress growth curves (Figures (36) to (41)) 
reveals several interesting features. First, the relative extent of 
shear stress growth of the slow cooled samples (approximately 4%) is less 
than half that of the quick quenched sample growth curves (approximately 
9.5%) for the same length of test period. Secondly, the shape of the 
shear stress growth curves is quite different from that reported by 


Ritter(1). The difference in shape is qualitatively illustrated below: 





RITTER(A) 
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It should be pointed out that the shape of the shear stress growth 
curves as measured in this investigation generally conformed to the be- 


haviour noted in other thixotropic systems(6). 
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CORRELATION OF EXPERIMENTAL DATA 


The final objective of the experimental program was correlation of 
the experimentally measured thixotropic decay curves in terms of the Theory 
of Thixotropic Behaviour(1). Consequently attention was focussed primarily 
on the shear stress decay curves and no further data treatment was attemp-~ 
ted using the shear stress growth curves. 

In view of the different behaviour between the slowly cooled and 
quickly quenched samples, data processing and correlation of the two sets 
of thixotropic decay curves was considered as two separate cases. Sep- 
arate analysis was felt advisable since the form of the quick quenched 
sample decay curves was different from that of the slowly cooled sample 
decay curves. 

To prepare the raw experimental data for correlation in terms of 
Equation Gor each set of thixotropic data requires four additional 
data processing steps. These steps are: 

(1) For each thixotropic decay curve, the initial shear stress, 


To» must be estimated at "zero" time; 


(2) For each thixotropic decay curve, the limiting or equilibrium 
shear stress, Weis must be estimated; 

(3) The measured decay curves at constant cup speeds must be 
processed to determine the shear rates corresponding to the 
measured shear stresses; 


(4) The stress contribution of the Newtonian solvent, T\, must be 


determined. 
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The subsequent data processing steps used, and the resulting cor« 
relation of the two sets of rheological data will be described in the 


following sections. 


I. Data Processing and Correlation of the Slowly 


Cooled Sample Thixotropic Decay Curves 








Data Processing of Slowly Cooled Sample Decay Curves 


As may be noted from Figure (28) to Figure (31) the thixotropic 
decay curves for slowly cooled samples were regular uncomplicated ex- 
perimental functions of shearing time. Consequently, subsequent data 
processing techniques did not, for the most part, differ from those 
techniques developed by Ritter(1) for processing similar type experimen- 
tal data. The techniques used will be described. 

Both the shear stress at zero time and that resulting from pro- 
longed shear at constant cup speed were necessarily determined by ex- 
trapolation of the data in Figure (28) to Figure (31). Two independent 
methods were used for the former and gave results which in most cases, 
differed by less than 3 percent. 

In the first of these methods, the incremental change in shear 
stress from the second to seventh 10-*second time interval was obtained 
directly from experimental data and plotted as a function of the time 
interval number on logarithmetic coordinates. The resulting straight 
lines of negative slope were then extrapolated towards the left until 
they intersected the vertical line coordinate representing the first 
time interval. This shear stress value was taken as representing the 


incremental change in shear stress from zero time to 10 seconds; 
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adding the incremental stress to the experimentally determined 10 second 
shear stress gave the initial shear stress,|,. 

In the second method, shear stress was plotted as a function of 
time (seconds ) plus ten seconds on logarithmic coordinates and the re« 
sulting curve again extrapolated towards the left. The initial shear 
stress was provided directly by the intersection of the extrapolated curve 
with the vertical coordinate corresponding to ten seconds. 

The determination of the limiting shear stress proved to be a 
more difficult problem than that of determination of the initial shear 
stress and no truly satisfactory method was developed for prediction of 
this quantity. Initially, three extrapolation techniques were used: 

(Go) that of plotting the experimental data on arithmetic coordinates and 
estimating the point at which the experimental curves would become asymp- 
totic to a horizontal line representing the final or limiting shear stress, 
and that of extrapolating the experimental data from (ii) semilogarithmic 
coordinates, and Gian) from logarithmic coordinates. All three methods 
required an inordinate weighting on the experimental data near the end 
of the test period; since the logarithmic and smilogarithmic extrapola- 
tions were unduly influenced by slight variations in these end points, 
these two methods were discarded as unreliable. Consequently only the 
arithmetic coordinate extrapolation technique was utilized in estimating 
limiting shear stresses. 

Although there was not inconsiderable difficulty in estimating 
probable upper and lower bounds on an arithmetically extrapolated shear 


stress, considerable difficulty was encountered in selection of the most 
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probable limiting shear stress within the bounds. Generally the bounds 
could be estimated to about t5 percent of the bounds mid-point shear stress, 
but the error involved in the final choice of the most probable limiting 
shear stress was unknown. The consequences of this latter difficulty 

shall be thoroughly discussed in a later section. 

Although the relationship between bob deflection and shear stress 
is independent of the rheological properties of a fluid, the relationship 
between cup speed and shear rate is not, and a somewhat more complicated 
procedure is required to calculate this latter quantity. The method used 
to determine instantaneous shear rate has been described in an earlier 
section (Experimental Determination of Rheological Parameters). 

The experimental data plots necessary for the determination of 
shear stress at constant shear rate are shown in Figures (42) and (43); 
the constant shear rates chosen were 25 “oe, 60 seers. 150 Becta and 
300 a6 =. The corresponding values of shear stress-time at these shear 
rates are listed in APPENDIX NINE as part of the computed rheological 
data. 

The stress contribution by the Newtonian solvent was determined 
by a procedure differing from that developed by Ritter(1). This new 
technique was used solely because of the difference between the systems 
in each investigation. The Newtonian solvent characteristics for an ar~ 
tificially loaded system may generally be determined directly from an 
investigation of the viscosity of the solvent at test temperature; ina 
naturally occurring system, it is very rare that the solvent or carrier 


liquid characteristics are known at test temperature. 
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The solvent in this investigation was composed of CWO oil and liquid 
wax. Above SO°F, solvent and model viscosities are identical; below 80°F, 
Since the model rheological behaviour becomes complex,separation of solvent 
shear stress from total shear stress becomes much more difficult. The con- 
sidered best method(54) of determining solvent viscosity at test tempera- 
ture was to extrapolate solvent viscosities, as determined above 80°F, to 
the test temperature of 60°F. The extrapolation is shown in Figure (4) 
and,as may be noted, closely parallels that of pure CWO oil which comprised 
about 95 volume percent of the solvent. 

Actually, the true solvent viscosity at 60°F would be somewhat inter- 
mediate between that of the extrapolated value and that of the CWO oil, 
since network formation would alter the oil /Liquid-wax volume ratio (i.e. 
and hence the "solvent" viscosity). However, since such a value is ex- 
perimentally indeterminable, it was assumed that the quantity of wax in- 
volved in network formation would not seriously alter the extrapolated 
solvent viscosity. As an estimate, based on consideration of both Figure 
(24) and Equation (33), it is felt that the error involved in such an 
assumption is less than one percent. In the extreme, if all wax were 
used during network formation, such an assumption would result in a maxi- 
mum error in solvent viscosity of 3 percent,which in any case, has almost 


negligible influence during final correlation of experimental results. 


Correlation of Thixotropic Decay Data for Slowly Cooled Samples 


The Theory of Thixotropic Behaviour (Equation 30) predicts that at 


constant temperature, a straight line relationship exists on logarithmetic 
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coordinates between the computed quantity 


Ts ~ alecc 
Ea alin ali 


and +. 


The slope of this straight line, as defined, is: 


‘eon T seo ) 
Iss . ees 


“kK, ( 
where ky, the thixotropic decay constant is independent of time and shear 
rate. 

Consequently, using limiting shear stress values as extrapolated 
from arithmetic coordinates, a preliminary attempt was made to correlate 
the processed experimental data in terms of the above variables. The 
initial result was that at each shear rate (25 sect, 60 sec7-, 150 sec7l 
and 300 sec~t), a fairly straight line of negative slope was defined up 
to about thirty minutes; past this shear time, the straight lines gradually 
developed a steadily increasing downward curvature. 

At first, the deviation from linearity was considered significant 


Since it appeared to refute the postulated constant behaviour of Ky as a 


function of time. However, in consideration of the uncertainties inherent 
in the extrapolation procedures, a simplified sensitivity analysis was 
performed on Equation (30) using as variables: (1) the initial shear stress, 


To; (2) the limiting shear stress, “Teo 3 and (3) the Newtonian component, T, 


The analysis (APPENDIX EIGHT) indicated that if during extrapolation procedures, 
the limiting shear stress was estimated too high, then a normally straight 


line correlation would transform into a curve of the form described above. 
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Since further extrapolation procedures would have been inherently 
biased, the required limiting shear stress values were estimated by an al- 
ternate, but less justifiable procedure. First, the value of ‘Teo »obtained 
through extrapolation of the arithmetic shear stress-time plot for the 
25 sec7+ shear rate, was incrementally decreased until, using the appropriately 
processed data, a straight line correlation resulted between 

Tee ‘T sco 
Ts02/ aise = Alike 


Two incremental decreases were necessary, decreasing the limiting shear 


and +t 


stress from 310 lot /ft* to 283 1b/£t° (about a 9 percent decrease). Then, 
with reference to Figure (43) a line was drawn parallel to the original 
arithmetically extrapolated limiting shear stress line, but passing through 
the coordinate (25 sect, 283 1be/ft"). This latter line was called the 
true limiting-shear-stress line; the remaining three individual eee 
shear stress values were then obtained at the intersections of this line 
with the vertical ordinates corresponding to 60 BeceSe 150 sec> ana 300 Beers: 
Using a procedure such as that described above would appear to be 
unjustifiable since it forces the data from at least one shear rate (25 sec™+) 
to correlate on the basis of Equation (30). However, the following points 
should be considered: (i) that only the data for one shear rate was forced 
into a straight line correlation; and (ii) that the limiting shear stress 
values so obtained were within the realm of possibility, as was subsequently 
determined by re-extrapolation to these values on the various experimental 


data plots. Further, the fact is that some assumptions must be made con-= 


cerning the rate at which the experimental shear stress is converging 
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to, or approaching the limiting shear stress. If this assumption is in- 
correct, then the extrapolated shear stress values would be displaced from 
the actual limiting shear stresses. 

Subsequently, limiting shear stress values, as determined by the 
method just described, were used to correlate the experimental data. The 
final correlation, as performed in accordance with Equation (30) is shown 
in Figure (45). The associated computations are tabulated in APPENDIX NINE. 

To this point, considerable emphasis has been placed upon the neces- 


sity of a straight line correlation (i.e. k, independent of time). In fact, 


an equally demanding requirement of the Theory is that kj, the thixotropic 
decay constant, must be shown to be independent of shear rate. 

Before proceeding, it should be noted that verification of this 
last condition does not require superposition of the linear correlations 
at each shear rate. For purposes of explanation, a re-examination of 
Equation (30), shown below, is useful: 


‘ ae, 
) = -k (180 + Teo y log t - log (Ts0°/ Tom -Tst) 


: Teo = ees ‘lien, Sy ee 


The only requirement of the Theory is that during the evaluation of 


eilbeas “T sco 


log oS 
Tso Vi Ween = a 


k 


‘A from experimental data, the product 


Tso 2 T sco 


) 
Neos a luee 


- (slope) ( 


be a constant. However two additional possibilities exist: 


2 bi log C # £(o (1) 
so_/ Ss a 7 
AL T soo Sk =) ad (43) 


log ( 
Tar = Ts e() flog ce (2) 
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The first of the above possibilities is not inherent in the Theory 
of Thixotropic Behaviour(1) and must be shown by data correlation. Since 
within the accuracy of the experimental data, a single linear correlation 
was obtained, it appears that both the quantities 

2 
Tso . Oe Tso [Tso - Ts1 
ee and. 
so * !so0 Flighh = Gless 
are independent of shear rate. To demonstrate this fact, the values of k 


A 


obtained at each shear rate are tabulated below. 


TABLE 3 


Evaluation of Rate Decay Constant for Slowly Cooled 
Sample Thixotropic Decay Curves 


SEE Tso 3, itsce 





Rate (=) 

(sec!) Tso + We % Slope aN 
25 0.575 -0, 22 0.139 
60 0.570 ~0, 242 0.138 

150 Ona. -0,242 0.140 

300 0.602 -0, 22 0.146 


Average On: 
Average Deviation From Average 2.1% 
Maximum Deviation From Average 3.5% 
Maximum Deviation Between Two Determinations 5.7% 
The final test of the significance of Ky is how well it would re- 
define the original experimentally measured curves. As may be seen below, 
the percentage error between predicted and experimental shear stress is 


clearly within the range of cumulative experimental and correlative error 


(i.e. estimated at about 5 percent). 
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TABLE 44 


Error Analysis in Prediction of Experimental Shear 
Stress of Slowly Cooled Samples 





Shear Duration of Shear (minutes 
ES 
(sec™™) 0.5 5.0 20.0 75.0 250.0 


Absolute Precent Deviation Between Predicted and Experimental Shear Stress 


Average 
25 re IER) ES) 2.8 AAT 1.9 
60 O85 eure 2.9 lhe 7 0.9 6 
150 Tad 1Na6 0.9 Ee Cae hess} 
300 0.2 Is) 2.0 3.4 44 ee 
Average date) 


In view of these results it must be concluded that for the data processing 
techniques used, the Theory of Thixotropic Behaviour(1) correlates the ex- 


perimental data to a high degree of accuracy. 


If. Data Processing and Correlation of the Thixotropic Decay 
Curves for the Quick Quenched Samples 


Data Processing of the Thixotropic Decay Curves for the Quick Quenched Samples 


At the outset is was recognized that the relative shape of the decay 
curves for the quickly quenched samples (Figure (32) to Figure (35)) could 
only be approximated by Equation (30). Therefore, any serious correlative 
attempts to verify the Theory of Thixotropic Behaviour(1) were precluded. 

However, since it was of interest to see how closely Equation (30) 


could approximate the measured decay curves, the experimental data was 
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subsequently processed as two separate cases. In the first case, the ex- 
perimental data was processed directly; for the second case, the experi- 
mental data was smoothed, as indicated by the dashed regular curves in 
Figure (32) to Figure (35),and then duly processed. 

Data processing techniques identical to those described in the 
previous section were used in both cases. 

For each of the above cases, identical values of the limiting shear 
stresses (as determined from arithmetic coordinate extrapolation procedures) 
and the Newtonian component were used. However, due to the smoothing pro- 
cedures in the latter case, initial shear stress values for the smoothed 
data case were significantly different from those of the unsmoothed data 
case. 

The plotted data associated with these processing techniques is 
shown from Figure (46) to Figure (49); the associated tabulated data is 


summarized in APPENDIX NINE. 


Correlation of Thixotropic Decay Curves for Quick Quenched Samples 


The processed experimental data was subsequently correlated (APPEN- 
DIX NINE) and plotted in terms of the pertinent variables, as indicated in 
Figure (50) and Figure (51). 

It may be noted that correlation of the unsmoothed data (Figure 50) 
results in a notable "hump" in an otherwise straight-line relationship; the 
"hump" is absent from the smoothed data correlation (Figure 51). 

For the smoothed data, the following thixotropic rate decay constants 


(ky) were calculated: 
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FIGURE 48 
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TABLE 5 


ivaluation of Rate Decay Constant for Quickly 
Quenched Sample Thixotropic Decay Curves: 
I - Smoothed Data 








Shear Rate (Aso 7 Ts, 
(sec) CT nat Slope 
25 0.697 -0, 286 
60 0.654 -0, 286 
150 0.633 -0, 286 
300 0.662 -0, 286 
Average 


Average Deviation From Average 
Maximum Deviation From Average 
Maximum Deviation Between Two Determinations 
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For the unsmoothed data, the computed rate constants were: 


TABLE 6 


Evaluation of Rate Decay Constant for Quickly 
Quenched Sample Thixotropic Decay Curves: 
IIT - Unsmoothed Data 








Shear Rate pelsola ees, 
(secs) py eat Slope 
25 O67, -0, 322 
60 0.628 -0, 322 
150 0,604 -0, 322 
300 0.630 -0, 322 
Average 


Average Deviation From Average 
Maximum Deviation From Average 
Maximum Deviation Between Two Determinations 


3.1% 


6. 2% 
10.3% 
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As would be expected, the average rate constants are significantly 
different. Further, maximum deviations between individual rate constants 
was as high as 10.3 percent (i.e. as compared to 5.7 percent between slowly 
cooled sample rate constants). 

As indicated in Table 6, the average error in predicting the ex- 
perimentally measured decay curves was only about 5 percent. However, 
individual deviations were as high as 13.2 percent (i.e. more than twice 
the maximum permissible error of about 5 percent). The magnitude of this 
latter error was due to: (i) the inherent error involved during data pro- 
cessing operations; and (Geis) the relative shape of the experimental shear 
stress decay curves, 

An illustration of the difference between predicted and experimen- 
tal shear stress decay curves is shown in Figure (52); the "secondary" 


effect is readily discernable. 
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TABLE ‘7 


Error Analysis in Prediction of Experimental 
Shear Stress of Quickly Quenched Samples 


Shear Duration of Shear - Minutes 
Rate _y T Error(2) 
(sec ) 0.5 5.0 20.0 75.0 200.0 fine (Absolute ) 
I = Smoothed Experimental Data 
25 B55) 4.8 3.6 8.8 ake Soe 623 
60 Guy gue) Lo5 aan Benes Ales) 5.0 
150 8.9 6.2 6a: od 3.8 10.9 Gag. 
300 0.9 Ibe Tf 0.9 Oar: 1.8 Tet: eae 
Average = 50 
II - Smoothed Experimental Data 
25 16.5 O55 307 6.1 8.3 18 6.2 
60 Tit Teron) 115.6 3.4 BO) (U6 B)E Lo 
150 4.0 6.3 x0 Guy, 59 623 635 
300 (O)55) eel O25 1.6 Peale Dedl Tse) 
Average = 4.9 


(1) Time at which deviation between smoothed and experimental data is a 
maximum; included in average error. 


(2) In percent; (predicted shear stress - experimental shear stress) /experi- 
mental shear stress. 


(3) Excluded from average error. 
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DISCUSSION OF EXPERIMENTAL PROGRAM 
AND EXPERIMENTAL RESULTS 

Le The newly modified environmental temperature control cabinet and the 
auxiliary temperature and speed control apparatus associated with the Alberta 
Viscometer performed adequately. In all cases, temperature and speed con- 
trol limits were within the desired control limits of +0.25°F (maximum) and 
fo.5 percent, respectively. However, several characteristics of the present 
experimental set-up require attention prior to a follow-up experimental pro- 
gram. 

First, in its present form, the experimental apparatus is limited 
as to the duration of a test period, since constant supervision during 
operation of the various equipment components is required. Secondly, 
Since shear stress is directly proportional to bob deflection, and since 
the absolute measuring accuracy of this latter quantity is constant at any 
deflection, then as bob deflection decreases, the relative error in shear 
stress increases. This latter characteristic is particularly critical 
during measurement of shear stress growth curves and during measurement 
of the incremental decrease in shear stress near the end of a test period. 
To overcome these problems, a superior viscometer design is required 
capable of sustained unsupervised operation and with improved shear stress 
measuring accuracy. 
(ae Although the experimental model displayed the requisite features 
of network degradation under conditions of shear, one important criteria, 
namely that of regenerative reproducible rheological behaviour from only 


one sample was never attained. Further, if reproducible behaviour between 
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discrete samples was to be obtained, a complicated sample handling pro- 
cedure and standardized rheological test sequence was required. In part, 
such non-reproducibility may have been accentuated by preparation of a 
synthetic system, but, as has previously been described, other investigators 
(1,16,24) have experienced similar test difficulties when using naturally 
occurring thixotropic systems. <A possible explanation for such non-repro- 
ducible behaviour, as applied to wax-oil systems, has not previously been 
advanced. It is to this end that the following discussion is directed. 

It is a recognized characteristic of some wax-laden hydrocarbon 
systems that active "building block" sites are present which have a predom- 
inant influence during wax "crystallization" and subsequent network for- 
mation. Such sites are believed to be nucleation centers to which, initially 
at least,wax molecules migrate and crystallize upon. The result is a pro- 
pogation of crystal chains. (The recognition that such sites exist is the 
basis of selective blending of wax inhibitor additives into an 011(55); 
the additives are believed to preferentially adsorb on these nucleation 
sites, thereby reducing their relative activity and retarding network for- 
mation). 

In a network forming system similar to that of a wax laden crude 
oil, namely a crystalline polymeric system, it has been noted( 56) that the 
network junction points have, under comparable environmental conditions, 

@ powerful growth tendency. Such a tendency results in the formation of 
"crystallites" which can grow to a relatively large size and which are 
stable within the liquid phase to very high temperatures. 

The mechanism described above may be used to describe network for- 


mation in the thixotropic model. First, it is assumed that this system 
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contains active network formation sites. Secondly, it was observed that 

as time progressed after mixing Parawax with Diol-34, an increasing number 
of opalescent threads became visually discernable. It is believed that 
these "threads" were the indication of an active growth process centered 
about the network promotion sites. The continued existence of this almost- 
polymeric growth process would have a profound influence on the rheological 
behaviour of the model system. 

Since these threads are relatively stable at elevated temperatures, 
the active network sites cannot be readily regenerated. Hence, the pro- 
cess of network growth and destruction over a period of time is more or 
less irreversible. The use of a single sample for repeated rheological 
experiment is thus precluded. 

At temperatures significantly below the cloud point (for example, 
at -7°F), the network formation sites are effectively stabilized within the 
network structure and continued growth proceeds very slowly, if at all. 
Consequently, sample storage at such temperatures appears to be an effective 
method of eliminating or minimizing sample degeneration. 

3% During shear testing of the quick quenched samples, a reproducible 
"secondary effect" was measured. This effect, which is attributed directly 
to the network destruction characteristics,results in a localized deviation 
from the behaviour of thixotropic systems as predicted by Equation (30). 

An explanation of such behaviour in terms of the present knowledge of the 
network destruction processes is not readily apparent. However, for a 
Similar network forming system, one investigator(42) has suggested the 
existence of two characteristic types of network bonding. Presumably then, 


the shear destruction process would reflect the dissimilar natures of the 
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two bonding mechanisms. 
As an alternate explanation, consider the above behaviour in terms 
of the general shear degradation process as proposed by Ritter(1): 
AAG A FA (18) 
Which for purposes of mathematical treatment was simplified to: 
A— 4B (19) 

This form inherently assumes that the network decay process may be 
approximated by a single rate determining step. In an analogous manner to 
the above simplification, consider a reduction of Equation (18) in terms 
of the quick quenched sample decay process. In this case, a plausible 
Simplification is: 

<= i'A=iB (43) 
where now the shear destruction process is characterized by two rate de- 
termining steps. Such a process appears compatible with the two slope 
sequence of Figure (50). 

It is seen then that the shape of the quick quench sample decay 
curves may be explained on a qualitative basis by the Theory of Thixotropic 
Behaviour(1). However, if such behaviour is to be treated on a quantitative 
basis, that is, if the analytical characteristics of the Theory of Thixo- 
tropic Behaviour(1)are to be maintained, additional thixotropic decay equa- 
tions, similar to Equation (30), but based on more general decay processes 
(i.e. such as Equation 43) shall have to be formulated. Presumably, such 


equations would contain provision for two or more thixotropic decay rate 


determining steps, 
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ae Considerable difficulty was encountered during extrapolation to a 
value corresponding to the limiting shear stress, and no truly satisfactory 
method was developed for prediction of this quantity. This problem is one 
which will be encountered by future investigators even if a suitable vis- 
cometer is constructed to extend the test period. Consequently, it is 
suggested that a numerical curve fitting and/or curve simulation technique 
be investigated to provide an alternate and unbiased extrapolation procedure. 
DY Ritter(1) observed that for one network preparation method used 

prior to shear testing, the thixotropic rate decay constant appeared to be 


a function of temperature as described by: 


ie te Aeb/T (32) 


However, the significance of the above correlation could never be affirmed(1) 
due to a meager amount of data and the rather large deviations of the data 
from the straight line correlation. This experimental investigation has 


shown that Ky might also be a variable at one temperature, being dependent 


upon the conditions under which the network is formed. However, this pos- 


tulate cannot be confirmed since Ky would also appear to be markedly depen- 


dent upon data processing techniques. 
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CONSIDERATIONS. INVOLVING PIPELINE FLOW 
OF THE EXPERIMENTAL MODEL 

Previously Ritter(1), and then Govier and Ritter(57) outlined methods 
for calculating the pipeline flow behaviour of a thixotropic fluid from 
rheological data obtained in a coaxial viscometer. Using their procedure, 
the pipeline flow behaviour of three possible flow conditions of the ex- 
perimental model have been calculated. The three conditions were: (1) the 
initial and final (after an infinite length of time) flowing pressure egra- 
dient of the model after quick quenching from 85°F to flow temperature (60°F) 
and curing for 4 hours at this temperature; (2) the initial and final 
pressure gradient of the model after being cooled at 0.43°F/min to 60°F and 
cured at this temperature for four hours; (3) the initial and wascimin 
pressure gradients of the model at 60°F after being simultaneously sheared 
and cooled at 0.43°F/min to 60°F. The results are presented graphically 
in Figure (53) as pressure drop per mile versus average flowing velocity. 
The assumed diameter of the pipeline was six inches. 

It may be noted that experimental data has not been given previously 
for the above mentioned condition(3). This data in graphical form, is 
presented in APPENDIX TEN together with the summarized calculations of the 
above flow conditions(1),(2) and (3). As a pertinent observation, corres- 
ponding to condition (3), it was noted that the measured shear stress would 
gradually increase from an initial to a maximum value after about an hour, 
before slowly starting to decay. For the purposes of calculation, maxi- 
mum shear stress values after one hour of shear at 60°F were used to cal- 


culate the corresponding flow behaviour of the model. 
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Inspection of Figure (53) reveals a wide variation in the calculated 
pressure gradients, which in turn is dependent solely on the fluid handling 
method. In all probability, for purposes of design, the quick quenched 
condition would be used since it corresponds to a maximum in rheological 
behaviour. However, this condition is probably not encountered in the 
field and a more realistic situation is afforded by either the slowly 


cooled or continuously sheared condition. 
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RECOMMENDATIONS FOR FUTURE STUDIES 


The Theory of Thixotropic Behaviour(1) should be modified to include 
provision for one or more rate decay constants. 

A new viscometer should be constructed in order to extend testing 
periods and to improve shear stress measuring accuracy. 

Numerical and/or curve fitting techniques should be investigated as 


methods for. prediction of the limiting shear stress. 
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CONCLUSIONS 


The rheological behaviour of a non-Newtonian thixotropic model com- 
posed of a partially refined wax in a light lubricating oil has been in- 
vestigated at 60°F. The rheological characteristics of the model are at- 
tributed to a loosely bonded network of wax clusters or crystals which 
form within the model at this temperature. 

Utilizing the specialized network formation characteristics of 
the model, two separately distinct network systems were formed at 60°F and each 
individually shear tested. The two resulting sets of thixotropic decay 
data were correlated with a recent Theory of Thixotropic Behaviour(1). 
Correlation of the experimental data in terms of the latter theory proved 
satisfactory for one set of thixotropic data (overall average prediction 
error of 1.8 percent) but unsatisfactory for the second data set (overall 
average error of 5 percent, but maximum errors of up to 13.2 percent) 

The primary reason for the inadequacy of the correlation in the latter 
instance was due to the presence of a reproducible "secondary effect" 
superimposed on the conventional decay process, 

Thus, although the Theory of Thixotropic Behaviour(1) is adequate 
for correlation of certain specific thixotropic measurements, further 
development of the Theory is required to extend its application to a 


wide variety of thixotropic systems. 
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NOMENCLATURE 
Flow area, ete": constant in Arrhenius Equation( 32); flow 
parameter defined in Equation (4). 
Concentration of original networks 
Torsion wire constant, 1b,,/ft/degree 
Flow parameter defined in Equation (4) 
Constant in Krieger and Maron Equation (15) 


Constant in Krieger and Maron Equation (15) 


Concentration of network fragments 
Slope of semilogarithmic plot of k, versus 1/T, eR 


Constant in Equation of Thixotropic Behaviour as defined 
by Equation (43) 


Differential operator, d/dt 
Bob deflection, degrees 


Dimensionless group in Energy Equation (39) and defined 
in APPENDIX FOUR 


Applied deforming force, lb, 


Flow resistance of network segment 


Torsion wire moment, 1b, - ft 
Bob immersion depth, ft 


Fluid consistency index, 1bo,,/ft Bee aL fluid thermal 
conductivity, BIU/nr.rt® OF 


Thixotropic decay rate constant 


Thixotropic growth rate constant 


Cup speed, RPS 
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al 


Greek Letters 


a 


a! 


Number of carbon storms per molecule 


Dimensionless group in Energy Equation (39) and defined 
in APPENDIX FOUR 


Slope of PCRS enue plot of shear stress versus cup 
speed, 1p /ft /RPS 


Radius, ft 
Radius of bob, ft 
Radius of cup, ft 

fe) fe) 
Temperature, ~F and ~R 
Bob wall temperature, °F 
Cup wall temperature, OF 
Cooling fluid temperature, OF 
Time, minutes and seconds 
Velocity, ft/sec 


Angular velocity, radians/sec 


Plate separation, ft 


Shear rate, er 


Shear rate, sec™~ 


Flow parameter defined in Equation (9) 
Proportionality constant in Equation (21) 


Flow parameter defined in Equation (9) 
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kL 


Fluid deformation, ft 


Dimensionless group in Energy Equation (39) and defined 
in APPENDIX FOUR 


/ 


n/ Fb. Sec 


Viscosity, 1b 
Newtonian viscosity, 1b,,/ft. sec 

Apparent Newtonian viscosity, 1b,,/ft. sec 

Plastic viscosity, 1b, /ft. sec 

Apparent Newtonian viscosity at zero shear rate, 1b,,/ft. sec. 
Density, 1p,,/ft> 

Shear Stress, Lb, /ft* 

Yield value shear stress, ley) i ee 

Structural shear stress, ary ie 

Shear stress at zero time, 1b,/ft* 

Limiting shear stress at infinite time, Lp,/ft* 


Shear stress due to Newtonian component, 1b,/ft" 


Structural shear stress at zero time, 1, /tt* 


Structural shear stress at one minute, 1b, /Pt™ 


Limiting structural shear stress at infinite time, 1b,/£t* 


Deformation rate, ft/sec 
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APPENDIX ONE 


ATR CIRCULATION AND REFRIGERATION SYSTEMS 
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General Equipment Design Basis 


Preliminary to equipment design, a literature survey was conducted to 
find a circulating air bath system which, when coupled to a refrigeration 
system, would complement the temperature control requirements Gimer high 
sensitivity over a fairly wide range of temperatures ), Such a system has 
been described by Rasi*. 

The system described utilized an intermediate heat transfer fluid be-~ 
tween a refrigeration system and a recirculating air system. The advantage 
of such a system is that since the temperature of the intermediate heat 
transfer fluid may be set at a temperature level between that of the re- 
frigeration coil and the circulating air, excellent temperature control 
and control system stability is obtained. This design principle appeared 
admirably suited to the viscometer air bath requirements and served as the 


basis for subsequent equipment design considerations. 


Addition to Existing Cabinet 


This addition was constructed so as to provide a compact internal air 
flow recycle system. As with the original cabinet, the addition was fab- 
ricated with 2 inch cork sandwiched between two layers of 1/2 inch plywood. 

The top of the cabinet, which supports the air circulation fan drive 
motor, is removable to provide access to the circulation fan. 

The flow channel divider (3/4 inch plywood) is supported by two sliding 


bolts, and if desired, may be either tilted upwards to provide direct access 


* Razi, A: "Quelques Considerations sur L'Automatisation des Installations 
Frigorifiques"' International Institute of Refrigeration, Proceedings of 
Meetings, Commissions 3-4-5 (Moscow, September, 1958), Dunod, Paris; p. 125. 
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5) 
to the main cabinet back, or, removed entirely for maintenance. Air cooling 


coils are mounted on the outer face of the divider; a 500 watt heater 


(Appendix 2) is mounted on the inner face. 


Refrigeration System 


The major piece of equipment in the refrigeration system is the 
Tecumseh 2-HP Low Temperature refrigeration unit. The manufacturers specif- 


ications of this unit are: 


Coil Temperature Coil Pressure Capacity 
(OF) (BTU/ER ) 

-h0 TaN 4050 

-30 FD De 5860 

-20 0.6 psig 8325 

-10 > psig 11190 

0 9.2 psig 14.800 

10 14.6 psig 19080 


The above data refers to operation with Freon-12. 

A schematic diagram of the assembled refrigeration and varsol cir- 
culation system is shown in Figure (1-A). In operation, the bimetallic strip 
temperature sensing device is adjusted to the desired varsol circulation 
temperature. When this device detects a temperature increase above the set 
point temperature, a time-delay relay is activated and after a 25 second 
delay, the solenoid valve (d) is opened and liquid Freon-12 is flashed 
across the expansion valve into the expansion coil. Since the coil pressure 
increases, the differential back-pressure regulator on the refrigerator is 
activated and the compressor begins operation. The compressor will continue 
to operate until the varsol bath temperature drops below the set point 
temperature, at which time: (i) the contacts on the bimetallic strip de- 


vice will separate; (ii) the solenoid valve will close (after a 25 second 
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FIGURE 1-A Schematic of Assembled Refrigeration System 
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delay); and, (iii) the coil pressure will be drawn down until the back 
pressure regulator attains its set point. When this last stage is reached, 


the compressor will automatically shut off. 


Air Recirculation System 


The air recirculation system is composed of a circulation fan and a 
set of air cooling coils mounted on the back side of the flow channel divider. 


The flow characteristics of the circulation fan, as driven by a 1/2 HP motor 


Are > 
SCFM at 1725 RPM Static Pressure (in H,0) 
902 0 
855 1/4 
782 1/2 
678 3/4 
71 1 


The finned tube coils (two) are standard manufactured "booster" coils 


each with the following pertinent details: 


Fins/inch = 8 

Fin diameter = 1.4 inches 

Tube diameter = 0.675 inches O.D. 
Finned tube length = 21 inches 

No. of tubes 1 


Geometrical spacing triangular, 1.55" center to center 
Surface area per coil = 59 fte 
Cooling fluid flow path parallel 


Performance of Air Circulation and Refrigeration System 


The air circulation and refrigeration system was designed for operation 
with the circulating varsol bath at O°F. The accompanying graph (Figure 1-B) 
reveals the dynamic cooling characteristics of the air bath at a varsol cir- 
culation temperature of O°F. 

With the present set-up, if test temperatures lower than 30°F are re- 
quired, a Freon-12 expansion coil should be added to the present varsol air 


cooling coils. 
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FIGURE 1-B 


Dynamic Cooling Characteristics 
of Air Bath System 


Cabinet Temperature versus Time 


Varsol Circulation Temperature = O°F 
Ambient Room Temperature = 85°F 
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APPENDIX TWO 


CABINET TEMPERATURE CONTROL SYSTEM 





De 














The most difficult equipment design problem encountered was that of 
designing a cabinet temperature control system which would regulate the air 
flow control louver. The design requisites for such a control ayeten were 
(i) imexpensive construction, (ii) high sensitivity and (iii) capability 
of continuous operation for extended periods of time. 

The finally chosen system is shown schematically in Figure(2-A), and 
may be seen to consist essentially of: 

1. Two thermistor-actuated amplifier relays*; 

2. A reversing 1/20 HP motor. 

The sensitivity of the thermistor setup is excellent, being generally 
t0.10°R; in general, this control range was attained in the experimental 
setup. 

In practice, the control system operated as an on-off controller since 
the temperature lag in the cabinet was sufficiently high to eliminate the 
inherent floating speed characteristics of the controller. 

A detailed description of controller operation is beyond the scope 
of this manuscript; if necessary, sufficient operational detail may be 


deduced from Figure (2-A). 


* R7 081A,C VERSA-TRAN Transistorized Amplifier Relay, Minneapolis-Honeywell 
Regulator Company, Toronto 17, Ontario. 
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APPENDIX THREE 


EXPERIMENTAL EQUIPMENT CALIBRATIONS 
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Torsion Wires 


The action of a tangential force, such as shear stress on the bob wall 
of a rotational viscometer, causes the bob to rotate which in turn produces 
an opposing torque in the suspension wire. Provided the wire is not deformed 
beyond its elastic limit, the deflection of the bob (D) is directly propor- 
tional to the applied shear stress, 7 . This relationship may be represented 
bys 

‘t= ap 
where the constant "a" is a function of the properties and diameter of the 
wire and the geometry of the system. Thus calibration of the torsion wires 
involves the evaluation of "a" and may be accomplished by either of two 
methods, 

The first procedure requires measurement of the shear modulus of the 
wire which is then related to the constant "a" through the dimensions of the 
wire. Normally the shear modulus of the wire is obtained by means of a 
torsion pendulum(1). A second and more common method is by measuring the 
deflection of the bob when a Newtonian fluid of known viscosity is sheared 
at several predetermined speeds. Although both methods give essentially 
identical results, only the latter method was used in this investigation. 

In explanation, this procedure was deemed sufficient since the experimental 
program only required re-use of torsion wires which had previously(1) been 
rigorously calibrated, 

The calibration equation used to determine "a" was: 

LN? a 
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viscosity of oil, 1p /ft-sec 


cup rotational speed, RPS 


PAGuivs Of) bObe itt. 
Cup Mradatusiy. wit. 


eravitational conversion factor, Lb, -ft/lb,-see™ 


bob or torsion wire deflection, degrees 


alibrated with three different standard oils over a 
ates and bob deflections using a maximum equivalent 
f 4,225 inches. Generally no difficulties were en- 
calibration of the No. 28 wire with the 4.58 CP oil, 
llation was so severe that only a tentative calibration 


by inspection of TABLE (3-A) that maximum individual 


deviation between any two calibration runs was 2.9 percent which is com- 
Mp P 


parable to results reported by previous investigators(1l), 


Bob Thermocouples 


The calibration 
standard thermometer. 
tween the temperature 


investigated (32°F to 


curve(1) of the bob thermocouples was checked using a 
There was essentially no detectable difference be- 
as measured by either device over the temperature range 


70°F), Consequently, no temperature correction was 


applied to any experimental results. 
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TABLE 3-A 
TORSION WIRE CALIBRATIONS 


Standard Oil Wire Number_ 


(centipoises) No. 24 2 ites 2S a Des 
4.508 (1.80 x 107") x 
19.1 6.12 x 1074 1.87 x 107% 
56.37 14.25 x 107" 6.26 x 1074 1.92 x 107" 
93.67 Tbs) oe 107+ 6,22 x 107 
147.8 14.31 x Hon? 
4 Max Ind, 
Deviation 0.6% 2. 2% 2.9% 
Ave rage ie b a h h 
Wire Constant 14.26 x 10 6.20 x 10 Mesos Oe 
% Max Dev. 

From Average O.4% 1. 3% 1.6% 
Pendulum(1) 1307 “x tor" 6.05 x 107 1.86 x10" 
Oi1(2) --- Sorksy pe ley --- 

% Deviation (Pendulum) 3.9% 2.4%, 1.6% 
% Deviation (0i1) --- 0.3% --- 


* Run ommitted from average due to calibration difficulties 
(1) As obtained by Ritter (1) by torsion pendulum 
(2) As obtained by Ritter (1) using standard oils 
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Cabinet Temperature Control System 


The cabinet temperature control system, once set by calibration with 
a standard thermometer, did not display any noticeable drift. However, to 
ensure detection of any drift, a calibrated thermometer (10.1°F) was per- 
manently installed in the cabinet adjacent to the control thermistor. This 


arrangement provided an instantaneous visual check of cabinet temperature. 
Aminco Bath Temperature Control System 


The Aminco temperature control bath is provided with a mercury-relay 
control system which,in conjunction with an extremely sensitive (40.05°F) 
bimetallic strip temperature sensing device, provides excellent control of 
the viscometer cup temperature. However, each time the bath temperature is 
intentionally changed, the bimetallic thermostat must be readjusted to the 
set-point temperature by a trial and error method. This procedure requires 
that an accurate mercury filled thermometer, or similar device, be used to 
measure instantaneous bath temperatures. An ASTM calibrated (0° to 120°F) 


thermometer was used for this purpose. 
Stopwatch 


A selected stopwatch with a reproducibility and calibrated accuracy 
of 20,2 percent was used for all experimental runs. No correction was 


applied to any time measurements. 
Voltmeter - Cup Speed Calibration 


As has previously been described, the rotating viscometer cup is 
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3-6 
gear connected to a small D.C. generator whose output is visually displayed 
on a digital voltmeter. This set-up performed admirably, providing an 
accurate representation of instantaneous cup velocity. The transient vol- 
tage stabilizer was not adjusted during the experimental program, so that 
the calibration curve shown in Figure (3-A) was representative of cup velo- 
city at all times during the experimental program. As may be noted, the 
calibration curve was checked several times during the experimental program, 
but no essential deviation from the initial calibration was measured. 

The calibration procedure involved setting the cup speed to an ar- 
bitrary control setting via the external Graham drive dial mechanism, 
recording the resultant stabilized voltage, and measuring the total number 
of cup revolutions over a specified time period with a mechanical-electrical 
counter. This procedure was repeated at various cup speeds until sufficient 


points were obtained to define a calibration curve. 
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FIGURE 3-A 


Calibration Curve of Cup Speed 
versus 
Digital Voltmeter Output 
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APPENDIX FOUR 


SAMPLE HEATING EFFECTS DURING SHEAR 
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Evaluation of the Temperature Gradient in a Fluid Sheared 
in a Rotational Viscometer 
Evaluation of the steady-state sheared fluid temperature gradient 
is essentially equivalent to solving the energy equation in terms of the 
transport properties of the sheared fluid. For the coaxial case, this 


equation in cylindrical co-ordinates is: 


‘pair ee ee (1) 
ai! ar nar ar 
where: » = fluid viscosity 

v = velocity of sheared fluid 

k = thermal conductivity of sheared fluid 


Assuming the effect of temperature on the fluid physical properties 


BH, P, and Cy has negligible influence on the velocity profile, the velocity 


distribution across the annulus may be written as:* 





Kr 
w (r - ) 
(2) 
(1-«K) 
where w = angular velocity of cup 
K = ae 


Substituting (2) into (1) and performing the required, differentiation, 


the following is obtained: 


2 
fe Gy, Miaeke lw pK 'r 
—-—(r—) + ae = 0 (3) 
rdr ar (1 - K°)"r 


which upon substitution of the following dimensionless quantities: 





* Bird, R.B., Stewart, W.E., and Lightfoot, E.N,, "Transport Phenomena" 
John Wiley and Sons Inc., New York, (1960), 325. 
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where: T. = ‘temperature of cup wall 
B, = Brinkman number 
becomes: 
Fae ge) = (4) 


This then is the dimensionless differential equation describing the 
temperature profile in the sheared fluid across the annulus. 

The solution of this equation differs from the solution by Bird et al, 
Since the boundary conditions for the present experimental set-up may be 


approximated as: 


ag 
— = 0 ace =) Ke (Bec ei) 
ar 


foe. Gl at@ = 1 (Bac.2) 


Directly integrating (1): 


de 


E steel + C (5) 
aE gO 
which upon application of B.C.1, reduces to: 
ao en en (6) 
—? = ms gs 
ak a ne 
Integrating (6): 
-N  2N 
6 65 Teo - In({E) + Cy (7) 
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which upon application of B.C.2 yields: 
2N 
@=s- 2 In(E) +N +1 (8) 


Equation (8) is an expression for the temperature profile across the 
annulus. Since the maximum temperature in the annulus is of interest, 
Equation (8) may be simplified and expressed so as to permit evaluation of 


that temperature. Hence: 


(an 2 eS yok (9) 
B = (—+— ink - 1) —— 
is on se 2 ppmctaye 9 


Evaluating the constants in the above equation in terms of the geometrical 


factors of the viscometer: 


Kt 
K = 0.900 SSeS eae 18.20 
(wraneye 
2 “2 

wer i Uw 
Bro = —=2—— = (5,38 x 107°) 

kK(T, - Ty) K(T, - Ty) 

Substituting these values into (9), and simplifying: 
pwe -3 

Ti eae Leet) ( : NGC On) (10) 


The above equation requires an estimation of the value of T, for the 


temperature control arrangement in the Alberta viscometer. A schematic 


diagram of the viscometer sample temperature control arrangement is given 


below: 
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For all practical purposes, the above may be considered as one-dimensional 


heat transfer. Then: 








Heat generated in sheared fluid = Tae) = Hee) and 
ie 1 
(wv 2 (TR - To )A 
adr a CW GB 
Se 
Hop Ko Ko 
where: ACW, AGB = the respective thicknesses of the cup and glycol 
bath walls 
Kos Ka = the thermal conductivities of steel and copper, 
respectively 
hop = the heat transfer coefficient through the glycol 
film when the cup is rotating 
(dv/dr ) = the shear rate of the sheared fluid 
A = the available heat transfer area 


Further, the glycol transfer coefficient may be approximated as*: 


De 
Hgp = 7-60 e) 


Consider then a fluid with the following properties being sheared in the 


viscometer: 
ii Es Yateley ere ORE lb, ft "sec 
x = 6.2x 1079 Bru nr tet Opt 
and at the shear and heat transfer conditions of: 
N = 4,50 RPS 
w = 28.0 radions/sec 
(dv/dr) = 300 sec™> 
A = 0.200 ft@ 
* Knudsen, J.G. and Katz, D.L.: "Fluid Dynamics and Heat Transfer"; 


McGraw-Hill, New York (1958) p. 384. 
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Then if T. = 60.0°F: 


B 
we -3 
T, = 60.0 + (F-)(1.96 x 107°) 
dv.o ab CW GB, 1 
sn (cee (Coe ~_— =) aes 


Upon substitution into this expression, and with consideration to conversion 
to appropriate units, the following temperature was calculated: 


a ie) 
Te 60.25 F 


This temperature represents the maximum temperature in the sheared oil; and 


thereby, provides an upper bound to the temperature increase within the oil. 


Experimental Run 
An experimental run was conducted by shearing a 117 cp oil at 4.5 RPS 
for two hours at 60°F. The bob deflection associated with the test decreased 
0.25 percent during the first five minutes of the test and stabilized at a 
constant value for the remainder of the test period. 
The temperature coefficient of the oil may be approximated as: 
bob deflection in oil at 70.0°F = 164° at 4.60 RPS 


199° at 4.60 RPS 


bob deflection in oil at 60,0°F 
Hence, for the range considered, a change in bob deflection of 1 degree is 
equivalent to an "average" temperature change within the oil of about 0.29°F. 
Thus, for the total change in bob deflection (0.5°) noted at 60°F, the equi- 
valent average temperature increase in the oil was about 0.15°F. This value 
provides an approximate check on the magnitude of the upper temperature 


bound calculated in the previous section. 
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APPENDIX FIVE 


PRELIMINARY TESTING SCHEDULES AND TEST 


RESULTS INVOLVING TEST SAMPLE REPRODUCTIBILITY 
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FIGURE 5-A 


Preliminary Testing Schedule and Test Results 


ne al 
oo) UDissolvedsat180°R) 





seo [ Stoned at ‘Room ‘Temperature |— SS 














Reheat to 180°F; Reheat to 180°F; 

Quench to 85°F for 15 minutes} {Quench to 85°F and cure at 85°R; 

Insert in Viscometer and Quench to 70°F in Viscometer 5 
slow cool to 60°F; Slow cool** to 60°F; 

Cure at 60°F for one hour; Cure at 60°F for one hour; 

Test at 0.3 RPS | [Mest at 0.3 RPS 


Test ‘Yield Value 
1. 334 x 10-# 504x107" 


5° 270 x 107 532x107 
3 286 x 1074 534x107 
Ia BMS9s% Ao- 2 s08x10-4 









“Cure Time 
Test « et, 65 -F Yield Value T* 
iL 9 hours 1240 x 10-4 885x107! 
2 13 hours 1330 x 107 i 960x107 ch 
3 64 hours 845 x 107" 700x107 

















Gross Sample Stored at 180°F 













Sample withdrawn after rah 9 
hours longer cure at 180°F 
than Series (C) Samples; 

Subsequently treated as in 


4 Samples withdrawn at same time, 
All quenched to 85°F 3 
Slow cooled to 60°F in Viscometer; 
Cure at 60°F for one hour; 














Test at 0.3 RPS eumph ; Semicen(C).) of sample sei 
Cure ‘Time a le des Cure Time i iwiy sid 
Test at 85°R T\* Test at 85°R T,* 











4 a 140 hours 336 x 1074 


il 92 hours 435 x 10") 
2 96 hours 435 x 107), 
3 116 hours 408 x 10 oy 
h 140 hours 388 x 10 














* Mp) = measured shear stress after one minute of shear test 
** = at about 0.43°F/minute 
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Discussion of Test Results 


The incentives to the tests listed on the previous page were to deter- 
mine experimental techniques which would permit either (i) re-use of one 


sample, or (ii) use of different samples on a once-through basis. It was 


recognized that an unknown"factor" was determining the subsequent rheological 


behaviour of the samples; the problem was to determine a technique to 
eliminate dependence upon this "factor", 

Series (A) was a repetition of an earlier set of tests with 5.0% 
Parawax-Diol, This series indicated, as before, that re-use of one sample 
could not be attained. 

Sample series (B) was an attempt to reduce, if possible, the ex- 
perimental handling technique errors during the slow cooling period. It 
is interesting to note (i) the relative effect of sample cure time at 85°F 
(i.e. which indicates that sample degeneration occurs in a gross sample 
of 85°F) and (ii) the increase in sample shear stress at one minute as 
compared to sample series (A). 

Sample series (C) was an attempt to store the gross sample at a 
temperature at which sample degeneration with time would be negligible. 

A comparison of Test (4) of sample series (C) and Test (1) of sample series 
(D) indicates that sample degeneration occurs at 180°F, albeit fairly slow. 

An additional set of tests were conducted for sample storage at 

250°F; the results were similar to the comparison between Test (c-) and 


Test (D-1), 
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Conclusions 


The rheological behaviour of a test sample is dependent eee a 
"factor" which is a function of: 

(i) Sample history before treatment - method of sample preparation; 
length of time for which sample has been stored; storage tem- 
perature. 

(ii) Sample history during treatment - reheat and curing time and 


temperatures; cooling rate to test temperature. 
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APPENDIX SIX 


CONSIDERATIONS DURING SAMPLE PREPARATION 
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It was noted that when individual test size samples (about 100 em?) 
were prepared and tested in the viscometer, a wide variation existed beteen 
the measured rheological flow curves. For example, the following shear 
stresses were measured for five separately prepared and tested samples: 


Shear Stress 
Sample (At one minute ) 


A ho5 x 107* 1b, /ft* 
B 383 x 107" 1b,/#t® 
G 406 x 10° 1b,/tt 
D 423 x 1074 Lp ,/£® 
E hog x 107" 1b,/£t* 


The average correspondence between the above tests is about four 
percent, but maximum error between any two tests is as high as ten percent; 


where: 


(shear stress), - (shear stress) 


Ge ee eee See eee) 


(average shear stress), 
9 


error = 100 
j t=1 

Two observations on the test results appeared significant: (i) if 
individual test samples were to be prepared and tested, a considerable 
number of tests would have to be conducted before an average shear would 
be within an acceptable average error range; (ii) the average and maximum 
errors quoted above were considerably greater than experience indicated 
could be attributed to rheological test techniques. To elaborate on 
this latter point, the cumulative error was considered as due to four 
sources: 

(1) Obtaining a representative wax sample to be dissolved in the 


CWO oil; 
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(2) Handling errors during sample preparation; 

(3) Errors during sample handling sequence; 

(4) Rheological testing error. 

Experience with test samples from a time-continual degenerating 
gross sample indicated that the probable maximum error due to sources (2), 
(3) and (4)was only about one-half the measured error. Hence, it appeared 
the major source of error was due to wax sampling. If this source of 
error could be reduced, then in all probability, the overall maximum and 
average errors would be reduced, which in turn would decrease the number 
of required tests at each specified shear rate. 

A probable error reduction technique was to increase the size of 
the wax sample, thereby requiring the preparation of a homogeneous gross 
wax-oil mixture from which a test size sample could be selected and 
tested. Consider then, if two identically sized gross samples were pre- 
pared (say A and B) and a test sample A, taken from A, what is an estimate 
of the size of A such that the flow curves of A, and B. would not differ 
by more than three percent? An estimate of the lower bound size of A 
may be made if it is assumed all error was due to the wax sampling step. 

Statistically, it is necessary to determine the number of test 
size wax samples N such that the homogeneous gross sample mean x will 
not differ from p, the mean of the "infinite" wax population by more than 
a specified standard error 13 | . Assuming random sampling of an infinite 
wax population, then the distribution of m, the mean of a random sample 


may be stated* as: 





* Kenny and Keeping: Mathematics of Statistics; Part Two, Third Edition, 


D. Van Nostrand Company, Inc., Toronto (1954). 
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tb = 
= (1) 
where: t = the normally distributed statistic; 
a = the standard variance 


Hence, considering the previous experimental results, if a standard error 


\$| of 2.0 percent is chosen with a 95.0 percent probability, then from 


tables: 
t = 1.96 
(r=) p= tO, 020(105)) =e eal 
g¢ = 166 = 12.9 


Hence, substituting these values in Equation (1): 
oe a 
Selene ae ae = 10 
fejgal 

Thus, if wax sampling were the sole source of error, the equivalent 
of 10 separate wax samples dissolved to yield a homogeneous wax-oil mix- 
ture should yield a test sample (A, ) having a rheological flow curve within 
2 percent of the gross wax sample mean. A test sample (B, ) from a second 
separately prepared and identically sized gross sample would also have a 
flow curve with 2 percent of gross wax sample mean, and hence, within 


hk percent of A,. However, the probable error between A, and Be is only 


0.6745(4.0)=2.7 percent. 
As a sequel to the above calculations, subsequent testing of samples 
from two separately prepared wax-oil gross mixtures, each containing the 


equivalent to 11 test size wax-oil samples, resulted in rheological decay 
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curves which differed by less than three percent. Hence, despite re- 
strictive simplifications and assumptions, the analysis would appear to 


indicate a satisfactory lower bound gross sample size. 
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TABULATED EXPERIMENTAL RHEOLOGICAL 


TEST DATA 





LATUSMT sg aR 


Kr 
os | 





Viscosity of CWO-Oi1 


Temperature Viscosity 
(°F) (cp) 
120 6.21 
110 TeG 
100 8.60 

90 10.00 
80 2.29 
70 £525 
60 19.1 
50 24,2 
ho 32.2 
30 42,0 


Viscosity of 5.25% Parawax-CWO Oil 


Temperature 
(CF) 


Viscosity 


(cp) 
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Yield Value Tests 


Sample Quick Quenched From 85°F to 60°F 


Temperature Cure Torsion Bob Shear 
(or) Time Wire Deflection Stress 
Constant To Yield (1p,/tt*) 
(Degrees) 
70 1 hour 1.89x1074 2 3,78x1074 
65 lL hour 6,20x1074 2045 1.90x1072 
60 L hour 1.43107 126 1.80x107+ 
50 l hour  3.65x1073 267 9.75x107+ 
ho 1 hour 1.05x107 12) 13.1 x1072 
30 1 hour 1.05x107@ 193 20.0 x1072 


Incremental Volume Change of CWO-Oil and 
5.25% Parawax = CWO Oil Systems 


As a Function of Temperature 


5.25% Parawax-CWO cwo 
Temperature A(Volume )* Temperature A( Volume )* 

Cr) (em Or) (cm?) 

99.0 0.00 99.0 0.000 

93.5 0.19 92.0 0,205 

87.8 0. 34 85.0 0. 390 

81.7 0.52 73.1 0.580 

77.5 0.65 70.5 0.780 

(sce 0.84 63.3 0.965 

70.0 1.00 56.0 1.150 

68.0 ai la 50.0 1. 3L0 

63.2 Dees 4.3.0 TgSUNS) 

59.2 1.40 

5h..7 1.56 

50.0 dReuie 

45.0 1S 

4h 8 1.88 


* Reference volume = 1003cm at 98°F 
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THIXOTROPIC DECAY DATA - SLOW COOLED SAMPLES 


RUN NUMBER TWO 
0.300 RPS 


0.300 RPS 


RUN NUMBER ONE 
0.299 RPS 











TIME 
| (min:sec) 


TIME 
(min:sec) 


























| Bob Shear Bob Shear 
| Deflection | Stress Deflection | Stress 
| (Degrees) x10 (Degrees) x104 
(1b, /£t*) (1b, /£t?) 
10 99.541) 622 | 10 96.501) 603 
15 94.5 591 £15 91.5 572 
20 91.2 570 :20 88.5 553 
25 88.4 553 :25 86.5 541 
: 30 87.0 544 : 30 85.0 531 
: 40 85.0 531 :40 82.4 515 
:50 82.3 514 :50 80.5 503 
1:00 80.2 | 501 1:00 79.5 497 
1:15 79.2 495 1:15 78.0 488 
1:30 1.3 483 1:30 Hey 3 477 
1:45 76.4 478 1:45 1&7 467 
2:00 75.4 ea 2:00 74.5 466 
2:15) 74.2 464 2:15 Tey 2 464 
2:30 735.5 459 2:30 72.5 453 
2:45 72.3 452 2:45 7317 454 
3:00 72h, i 451 3:00 72h 451 
3:15 71.5 447 3:15 71.0 [NAA 
3:30 70.9 bb3 3:30 72.3 446 
3:45 70.6 441 3:45 70.7 442 
4:00 70.3 439 4:00 | 69.5 434 
4:15 69.9 I 437 | psy «|S G).5 434 
4:30 69.6 | 435 4:30 70.0 438 
4:45 69.2 4.33 4:45 69.0 431 
5:00 69.0 431 5:00 69.5 43h 
5:30 68.3 427 5:30 es z 
6:00 68.1 ! 426 | 6:00 = 
6:30, || 674.5 | 422 | 6:30 Le = 
7:00 67.0 | 419 ey ars 00 | -- - 
7:30 | 66.8 417 ) 7230 ae : 
8:00 |, 66.5 416 h .eco0n Ib vereo 419 
8:30 65.9 412 ip 4.8530 | 66.7 417 
9:00 | 65.8 411 | 9:00 66.5 416 
9:30, || 65.9 412 9:30 eee B 
10:00 66.2 414 10:00 66.0 413 
10 : 30 a= 2 / 10:30 65.6 410 
11:00 65.3 408 11:00 65.3 408 
iL, 9510) oma uma 403 11:30 65.2 408 
12:00 | 64.5 403 12:00 64.9 406 
iG:00n |) 6400 400 13:00 64.5 403 | 
14:00 | Se | Ee eae ae TPO 64.3 OD | 
15:00 63.5 I | 307 | 15:00 642 402 
igeOOr i) 63nd 394 16:00 85,0 399 
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0.300 RPS - (Continued) 














17:00 63.0 394 17:00 
18:00 62.6 391 18:00 
19:00 62.3 389 19:00 
20:00 61.8 386 20:00 
21:00 61.8 386 1 21:00 
22:00 61.6 385 22:00 
23:00 61.3 383 23:00 
24:00 61.3 383 24:00 
25:00 61.0 381 25:00 
26:00 60.8 380 26:00 
27:00 60.5 378 27:00 
28:00 60.3 377 28:00 
29:00 60.0 375 29:00 
30:00 59.9 374 30:00 
32:00 59.6 373 31:00 
34:00 59.0 369 32:00 | 
36:00 58.9 368 35:00 | 
38:00 58.5 366 38:00 
45:00 58.0 363 41:00 | 
50:00 57.8 361 44:00 
55:00 57.4 459 | 48:00 | 
60:00 yaa 357 : 50:00 
65:00 56.8 355 | 55:00 

| 71:00 56.4 353 (| 60:00 

' 75:00 56.0 360 | 65:00 

| 80:00 55.7 348 | 70:00 | 
87:00 55.4 346 | 75:00 
92:00 55.1 344 | 80:00 | 
97:00 54.9 | 343 85:00 
104:00 54.2 338 1 90:00 
127:00 53.1 F332 
135 :00 53.2 | 333 ! 
145 :00 b 4518..0 331 
155:00 9525 328 | | 
172:00 52.2 326 ! 
183:00 52.0 325 

51.4 





(1) No. 26 torsion wire 
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(min: sec) 


THIXOTROPIC DECAY DATA - SLOW COOLED SAMPLES 


0.800 RPS 











RUN NUMBER ONE 
0.798 RPS 


TIME 
(min:sec) 
























Bob Shear | Bob Shear 
Deflection Stress Deflection Stress 
(Degrees) x10 (Degrees) x10 
(1b¢/ft2) (1b¢/£t) 








°° 
e 
ws 























0 21:00 121.0 756 
.0 22:00 120.4 Ve) 
“3 23:00 1120)..3 752 
.0 24:00 120.2 751 
52) 25:00 119.8 749 
8 26:00 EN9;. 7 748 
52) 27:00 ENO 3 746 
.O 28:00 118.8 743 
.0 29:00 118.3 739 
Je) 31:00 118.1 738 
32 32:00 118.2 739 
2 34:00 117.8 731 
2 36 :00 116.8 730 
J) 38:00 116.6 729 
5S) 40:00 116.3 | 727 
.0 42:00 115.9 724 
8 45:00 15).)3 UM 
ee 46:00 1S. 2 719 
0 48:00 114.6 716 
oe? 50 :00 114.3 714 
8 55:00 TNS). 7 7alel 
ol) 60 :00 1i2.8 705 
eal 65:00 HH). 701 
il! 70:00 hi. 5 697 
Sul! 75:00 EM. 2 694 
0 80 :00 HO. 9 693 
6 87 :00 L103 689 
al 91:00 109.8 686 
51 95:00 i LOO}. 5 684 
6) 101:00 108.7 679 
23 110:00 107.9 674 
57! 120:00 107.7 673 
ol 132:00 107.0 669 
58) 140 :00 106.3 665 
ol 150 :00 105.8 661 
a 160 :00 105; 3 658 
8 170: 00 105. 1 657 
4 180 :00 104.7 654 
5) 190:00 104.2 651 
3 200 :00 po LOS 7 648 
SU 210:00 10)3)..5 647 
WZ 223:00 | 103.0 644 
of) 2 34:00 Hy UO) GS) 641 
ge) 240: 00 102773 639 
0 250 :00 102.1 638 
4 260: 00 EO SA LS19 





No.26 torsion wire 


























TIME 
| (min: sec) 


| | 
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THIXOTROPIC DECAY DATA - SLOW COOLED SAMPLES 


2.0 RPS 


RUN NUMBER ONE 





1.99 RPS 

Bob | Shear 
Deflection | Stress 

(Degrees) x10 

(1b, /£t*) 

148.641) | 2119 
141.6 2019 
138.6 1976 
L352 1927 
132.6 1891 
128.6 | =6. 1834 
125,58 1794 
123.8 1765 
V2 a 1731 
118.8 | 1694 
17245 | - 1675 
115.9 | 1653 
LS ial 1641 
Para 1631 
LES R6 1620 
127 1607 
LE20 1597 
110.9 1582 
L1O'.5 1576 
110.0 1569 
109.0 1554 
108.4 1545 
107.7 1535 
1OWARZ 1528 
106.5 1518 
105.9 1510 
HOS el 1499 
OAS 1490 
OW 7 1479 
102.8 1466 
102.4 1460 
101.8 1454 
101.6 1451 
101.3 1447 
101.0 1445 
100.7 1441 
100.4 1438 
100.0 1425 


99.0 











1411 








TIME 
(min:sec) 
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RUN NUMBER TWO 





2.00 RPS 
Bob Shear 
Deflection Stress 
(Degrees) «104% 
(1b,/£t*) 
140.542) | 2004 
137.0 1954 
133.5 1904 
131.4 1874 
129.1 1841 
125.8 1794 
123.6 1763 
W207 1735 
119.7 1707 
118.3 1687 
1 a2 1671 
115.9 1653 
LIG.7 16 36 
Tiere? 1629 
113.4 1617 
112.5 1604 
LPs 1593 
Liv st 1584 
110.6 1577 
109.7 1564 
109.4 1560 
108.7 1550 
108.2 1543 
107.9 1539 
WO7e2 1529 
106.5 1519 
105.9 1510 
105.4 1503 
10520 9) L497 
104.3 | 1487 
104.0 | 1483 
103.7 | 1479 
103.3 iP oue73 
103.0 1469 
102197 1465 
102.3 | 1459 
101.9 453 
101.5 | 1446 
100.9 1437 
100.8 | 1436 
100.4 | 
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No. 


2.0 RPS - (Continued) 


1403 
1399 
1393 
1385 
1378 
1374 
1370 
1366 
1363 
1358 
S52 
1348 
1345 
1341 
1336 
1335 
1335 
15382 
[332 
1329 
1326 
1323 
1315 
1308 
1302 
1299 
1292 
1289 
12:79 
T2713 
Ta 
1264 
1262 
1261 
1256 
1250 
1246 
1243 
1236 
1232 
1226 
1222 
1218 
1211 
1207 
1201 
1197 
TL9)3 
1189 
SS 
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24 torsion wire 
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1426 
1420 
1414 
1410 
1406 
1402 
1399 
1395 
1391 
1387 
1386 
1376 
1367 
1357 
1344 
1310 
1309 
1300 
1289 
1286 
1276 
1267 
1263 
1257 
1248 
1229 
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THIXOTROPIC DECAY DATA - SLOW COOLED SAMPLES 



























4.5 RPS 
TIME RUN NUMBER ONE TIME 
(min:sec) 4.50 RPS (min: sec) 4.50 RPS 
Bob Shear Bob Shear 
Deflection Stmere Deflection Stress 
x10 x104 
(1b, /£t*) (Ib¢/ft 2) 
10 95.061) 3468 :10 sea) || . 3580 
15 91.5 3340 215 93".,7, 3420 
20 89.2 3256 :20 91.7 3347 
25 87.9 3208 125 90.0 3285 
30 86.8 3168 :30 88.7 3238 
:40 84.5 3084 40 86.7 3165 
50 83.1 30 33 50 85.1 3106 
1:00 81.8 2986 1:00 83.7 3055 
1:15 80)..5 2038 1:15 82.3 3004 
1:30 79.2 2891 1:30 81.2 2964 
1:45 78.5 2865 1:45 80.3 2931 | 
2:00 77.8 2840 2:00 79.6 2905 
2:15 76.9 2807 2:15 78.6 2869 
2:30 76.3 2785 2:30 78.0 2847 
2:45 75.8 2767 2:45 77.6 2832 
3:00 75\.2 2745 3:00 7.0 2810 
} $305 74.7 WY DY 3:15 76.4 2788 
| 330 Tay 2708 3:30 76.2 2781 
3:45 74.0 2701 3:45 75.8 2766 
| 4:00 73.8 2694 4:00 ie | BY 
4:15 TSe) 2691 4:15 74.9 2733 
4:30 72 4:30 74.6 | Ds 
4:45 72.8 4:45 74.6 2723 
| 5:00 72).6 5:00 We 2 | 2708 
| 5:30 72.3 5:30 W3e7 2690 
| 6:00 71.8 6:00 73e2 2672 
| 6:30 Tah 6:30 73.0 2665 
7:00 7a 7:00 1208 2647 | 
7:30 70.8 7:30 7283 2640 
8:00 7065 8:00 71.9 2625 
8:30 70042 8: 30 71.6 2613 
9:00 70.0 9:00 Tl 2610 | 
9:30 69.8 9:30 Tle? 2598 
69.5 50 2591 
69.3 oT | 2581 
69.2 5 | 2574 
68.7 WD | 2563 
68.4 8 2548 
68.1 5 2537 
67.9 ‘2 | 2526 
67.6 3.9 2515 ce 
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4.5 RPS - (Continued) 





00 68.7 2508 || 17:00 68.6 | 2504 
00 67.0 2445. || 18:00 68.4 2497 
00 66.8 2438 19:00 68.1 2486 
00 66.6 2431 20:00 67.9 2478 
00 66.4 2424 21:00 67.8 2474 
00 66.0 2409" || 22:00 67.4 2459 
00 65.7 2398 || 23:00 67.4 2459 
00 65.4 2387 24:00 Gil 2448 
00 65.2 2380 25:00 66.9 2442 
00 65.0 2373) Ni “2600 66.6 2431 
00 64.7 2362 || 27:00 66.4 2424 
00 64.2 2344 28:00 66.3 2420 
00 63.5 D3i8 | 29:00 66.2 2416 
00 63.2 23077 oi 30:00 65.9 2405 
00 62.9 2296 || 33:00 65.6 2494 
00 62.7 2289 |i 36:00 65.1 2476 
00 62.4 2278. ~ || 39:00 64.8 2465 
00 62.2 227 | 42:00 64.5 2354 
00 61.9 2259 45:00 64.2 2343 
00 61.6 2248) || 50:00 63.9 2332 
00 61.1 2230 55:00 63.4 2314 
00 60.9 2223 60:00 63.1 2303 
00 60.4 2205 65:00 62.9 2296 
00 60.4 2205 ‘|| 70:00 62.7 2289 
00 60.1 2194 | 75:00 62.4 2278 
00 59.9 2187 | 80:00 62.1 2267 
00 58.9 2151 85:00 62.1 2267 
00 58.9 PIGS || 91:00 62.0 2263 
00 58.8 2146 || 95:00 61.7 2252 
00 58.6 2139 || 100:00 61.6 2248 
00 58.5 2136 | 

00 Sens 2129 

00 58.3 2128 || 

00 58.2 2425. >i | 

00 58.1 De | 


(1) No. 22 torsion wire 
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SLOW COOLED SAMPLE SHEAR STRESS GROWTH DATA 


Ona) RES 




































TIME PREVIOUS CUP SPEED 
(min:sec) 0.8 rps (1 
Bob Shear 
Deflection Stress 
(Degrees) | x104 
| (1b, /£t2) 
:10 38.7 (3) 240 
1:00 38.7 240 
2:00 38.7 240 
3:00 88.7 240 
4:00 39.0 242 
6:00 B92 243 
8:00 39.2 | 243 
11:00 B93 | 244 
16:00 39.6 246 
18:00 39.5 245 
21:00 39.7 246 
24:00 391.7 246 
28:00 39.7 246 
36:00 39.8 247 
40:00 39.9 247 
43:00 40.0 248 
46:00 OK 1 249 
49:00 40.5 
53:00 40.3 250 
56:00 40.4 250 
60:00 40.4 250 








(1) After 260 minutes shear at O. 
(2) After 250 minutes shear at 2. 
(3) No. 26 torsion wire 
(4) No. 24 torsion wire 


TIME 
(min:sec) 


8 RPS 
O RPS 


PREVIOUS CUP SPEED 





2.0 RPS (2 
Bob Shear 
Deflection Stress 
(Degrees) x104 
(1b, /£t*) 

13.4(4) 191 
13.4 191 
13.6 194 
13.6 194 
13.6 194 
13.6 194 
13.8 197 
13.9 198 
13.9 198 
13.9 198 
13.9 198 
13.8 197 
13.9 198 
14.0 200 
14.1 201 
14.1 201 
14.1 201 
14.1 201 
14.1 201 
14.2 202 
14.2 202 
14.2 202 
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SLOW COOLED SAMPLE SHEAR STRESS GROWTH DATA 


0.3 RPS 











TIME 
(min:sec) 


PREVIOUS CUP SPEED 
4.5 RPS 







Bob Shear 
Deflection Stress 
(Degrees) x104 

(1b, /ft 
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(1) After 240 minutes shear at 4.5 RPS 
(2) No. 22 torsion wire 
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SLOW COOLED SAMPLE SHEAR STRESS GROWTH DATA 


0.8 RPS 

























TIME PREVIOUS CUP SPEED TIME PREVIOUS CUP SPEED 











| 










(min:sec) 2.0 rps (1) (min:sec) 4.5 Res (2) 
Bob Shear Bob Shear 
| Deflection esa Deflection Stress 
(Degrees) ; x10 (Degrees) x104 









(1b, /£t2)], (1b,¢/£t) 





e 
-_-~ 
Go 
we 




























35. | 500 
L: 35.1 | 500 l: 12 
2:00 35.1 500 2:00 | TOM 
3:00 35.2 | 501 3:00 10.2 
4:00 3513 | 503 4:00 10.2 
5:00 35.4 504 6:00 1O;2 
6:00 35.4 504 8:00 | 10.2 
7:00 35.5 505 10:00 | 10.3 
8:00 35.5 505 12:00 10.3 
9:00 35.5 505 14:00 10.3 
: 35.5 505 16:00 10.3 
35.5 505 18:00 10.3 
35.6 507 20:00 | 10.3 
35.7 508 25:00 81k 10.3 
35.7 | 508 30 :00 10.4 
35.8 510 35:00 | 10.4 
35.8 510 40:00 10.4 
35.8 510 45:00 10.4 
35.9 511 50:00 10.4 
36 .0 512 55:00 10.4 
36.0 512 60:00 10.4 
36.0 512 
36.0 512 
36.1 514 
36.1 514 
36.1 514 
36.1 | 514 
36.2 515 
36.1 514 
(1) After 180 minutes shear at 2.0 RPS 
(2) After 240 minutes shear at 4.5 RPS 


(3) No. 24 torsion wire 
(4) No. 22 torsion wire 
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SLOW COOLED SAMPLE SHEAR STRESS GROWTH DATA 


2.0 RPS 



















TIME 
(min:sec) 


PREVIOUS CUP SPEED 
4.5 RPS‘1) 






Bob Shear 
Deflection Stress 
(Degrees) x10 
(1b, /£t) 





(2) 





: 24.8 

l: 24.8 

228 24.9 

3: 24.8 

| 4: 24.8 

| 5: 24.8 

6: 25.0 

7: 25.0 

8: 25.0 

9: 25.0 

10:00 25.0 912 | 

11:00 25.0 912 
| 13:00 25.0 912 
| 15:00 25.0 912 
17:00 25.0 912 
| 19:00 25.0 912 
21:00 25.0 912 
| 25:00 25.0 912 
| 30:00 25.0 912 
35:00 25.0 912 
| 40:00 25.0 912 
45:00 25.0 912 
| 50:00 25.0 912 


(1) After 240 minutes shear at 4.5 RPS 
(2) No. 22 torsion wire 
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THIXOTROPIC DECAY DATA - QUICK QUENCHED SAMPLES 































QO. SP RES 
TIME RUN NUMBER ONE TIME RUN NUMBER TWO 
(min:sec) 0.301 RPS (min: sec) 0.299 RPS 
| Bob Shear Bob Shear 
Deflection Stress Deflection Stress 
(Degrees) x104 (Degrees) x10 
(1b¢/£t2) (1b¢/ft2) 











: 10 | 103.541)| 1475 
215 | 96.0 1370 
20 91.0 1295 
:25 86.5 1232 
: 30 84.5 1205 
40 81.5 1160 
:50 78.0 1110 : 
1:00 76.0 1083 l: 
1:15 | 73.5 1048 1: 
1:30 | 7alh.0 1012 1: 
1:45 70.0 997 lis 
2:00 | 69.0 984 | 2: 
2:15 67.5 962 | 2: 
2:30 66.7 950 | 2: 
AA OLAS) 65.9 939 2: 
3:00 65.3 930 | 3: 
3:15 65.3 93; 1!) 3 
3:30 64.5 919 I 3: 
3:45 63.5 905 3: 
4:00 63.0 896 | 4: 
4:15 62.7 893 4: 
| 7452.30 | 62.3 888 | 4: 
| 4:45 61.7 879 | A: 
5:00 61.3 875 | 5: 
5:30 61.3 875 | 5: 
6:00 | 61.2 STE yi etatse 
6:30 | 60.5 862 6: 
7:00 60.1 856 U3 
7:30 59.8 852 7: 
8:00 59.0 B40 | 8: 
; .0 | 8: 
wah | 9: 
8 9: 
2 i ales 
2 10: 
.8 ll: 
.0 12: 
0 | 12: 798 
5 13: 798 
<2 | 14: 780 
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0.3 RPS - (Continued) 











00 52.0 741 
00 SLRSNUMBES 7:52 | 
00 50.5 720 
00 49.7 708 
00 49.5 705 
00 49.2 700 | 
00 48.8 695 
00 | 48.5 691 
00 | 48.0 684 || 
00 47.3 674 || 
00 | 46.8 666 
00 46.5 662 = || 
00 46.3 659 
00 46.0 655 
00 45.8 652 
00 | 45.6 649 || 
00 45.1 642 | 
00 44.7 637 
00 | 44.4 632 
00 | 44.2 629 
00 44.0 626 
OO | 143.7 622 || 
00 G27, 608i 
00 41.9 596 | 
00 | 41.6 593 || 
00 40.7 579 |} 
0G | 40.2 72 | 
00 | 39.6 564 || 
00 | 39.3 560 || 
Gop fi) aes | SS | 
00 38.4 546 || 
00 38.1 Gyh72 ati 
00 37.6 535 
00 37.0 527 
00 36.9 525 
00 36.8 524 
00 B5h7 508 
00 35.3 503 
00 34.7 | 1494 
00 34.4 490 |! 
00 34.2 487 || 
00 34.0 484 
00 34.0 484 
00 33.6 478 
00 33),5 477 
00 33.4 476 


(1) No. 24 torsion wire 
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THIXOTROPIC DECAY DATA - QUICK QUENCHED SAMPLES 


0.8 RPS 


TIME RUN NUMBER ONE TIME 
(min:sec) 0.802 RPS (min:sec) 
Bob Shear | Bob | Shear 
| Deflection | Stress Deflection | Stress 
(Degrees) x104 | (Degrees) x104 
(1b,¢/f£t*) (1b, /ft2) 





















lt: 
1: 
1bR 
Lh: 
Dé: 
2h 
: “8 
: 2: F 
| : | 3%: d 
| Bley |) LONG 1578 | 4Skall5 111.6 1590 | 
| Beep |). togs9 «=| sop |) | 8880 M0. |. is7e 
| 45) |) 108.9 1S5§ ||) BES 109.9 1567 | 
| 00) |} 10842 1541 | 4:00 109.3 1559 
4:15 | 107 .0 S25) |) Gulls 108.8 1552 
| 4:30 106.3 | 1515 |, 4330 109.3 1559 
4:45 105.4 15023 ||| aes 108.3 1543 | 
| 5:00 | 04,5 1490, |! $:00 107.8 1536 
| 5:30 102.9 | 1468 |||  s%80 106.1 1512 
| 6:00 101.4 1468) || 6200 104.7 1492 
| 76230 100.5 1432 | 6:30 102.5 1461 | 
| 17:00 98.9 1408 7:00 100.8 1437 | 
7:30 98.0 1395 730 98.8 1408 | 
| 8:00 97.0 1380 E8200 ma Oma 1384 
8:30 95.8 136ay ei 8230) A 95.7 1364 | 
| 79500) | 94.7 1360p 1) 9900/74) 9520 1354 
9:30 94.0 1SHON Tl) 22930 Nal. 7985 1333 
10 :00 | 93.0 1325 [000 a e2s5 1318 
| 20:30) | peo) |) tale) |) 10230 Ft 92. 1304 | 
11:00 91.2 13900" }j)| 110054) 90:5 1290 | 
12:00 90.0 1281 | 12:00 89.1 1270 
13:00 Bees. |) eo || tas00 | 87.4 1246 
14:00 S7a0bee | 1240 ; 14:00 86.3 1230 
CO 85.8 1221 S200 | -- joo 
16:00 | 84.8 1210 || 16:00 | oS | ee 
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(1) No. 24 torsion wire 
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THIXOTROPIC DECAY DATA - QUICK QUENCHED SAMPLES 


RUN NUMBER TWO 
2.00 RPS 


2.0 RPS 










RUN NUMBER ONE 
2.00 RPS 


TIME 
(min: sec) 






Bob 
Deflection Deflection 
(Degrees) (Degrees ) 


: 90.5 3303 : 
: 88.0 3212 : ; 
: 86.0 3139 ; : 
: 84.3 3076 : <0 
: 83.3 3040 : -3 
: S153 2967 : 3 
: 79.0 2883 : 8 
we hte. 2829 1:00 78.3 
1: (eS 2748 TLE ALS) 15.8 
1: Te<5 2646 1:30 74.8 
1: 71.9 2626 L245 73.6 
2: 69.3 2529 2:00 72.6 
2: 68.0 2482 2:15 7.0 
2: 66.9 24k. 2: 30 69.1 
2: 66.0 209 2:45 67.9 
3: 65.2 2380 3:00 66.7 
3: 64.5 2354 3:15 65.8 
3: 63.3 2310 3:45 63.9 
hs 63.0 2299 4.300 63.2 
hs 62.5 2281 Weis 62.6 
hs 62.0 2263 4: 30 62.2 
he 6.5 22h5 Wshs 61.5 
De 61.3 2238 5:00 62.0 
Se 60.7 2216 5:30 60.2 
6: 60.2 2198 6:00 59.4 
6: 59.5 2172 6: 30 58.9 
Te 59.0 2154 7:00 58.5 
Te Say 2143 7:30 57.8 
8: 58.3 2128 8:00 S705) 
8: 57.9 2114 8: 30 57.0 
9: 57-5 2099 9:00 56.8 
9: 57-2 2088 9:30 56.6 
: 56.9 2077 10:00 56.1 
56.6 2066 10: 30 55.8 
56.4 2059 11:00 55.7 
55.9 2040 12:00 55.4 
bom> 2025 13:00 SSisal 
55,2 2014 14:00 54.6 
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2.0 RPS - (contimed) 








16:00 54.2 1978 16:00 
17:00 54.0 1971s 17:00 
18:00 53.7 1960 18:00 
19:00 53.3 1945 19:00 
20:00 52.8 1927 20: 
21:00 52.7 1923 21: 
22:00 52.5 1916 22: 
23:00 52.2 1905 23: 
2h: 00 52.0 1897 2h: 
25:00 51.9 1893 25: 
26:00 SH 1886 26: 
27:00 SHES 1880 27: 
28:00 51.4 1876 28: 
29:00 51.3 1873 29: 
30:00 Bilee 1870 30: 
31:00 51.0 1863 32: 
32:00 51.0 1863 35: 
33:00 50.9 1860 37: 
34:00 50.7 1851 39: 
35:00 50.4 1840 hi: 
36:00 50.4 1840 43; 
37:00 50.3 1836 LS: 
38:00 50.3 1836 L8; 
39:00 50.2 1832 50: 
40:00 50.0 1825 Shs 
41:00 49.8 1818 oT: 
4h: 00 49.7 1814, | 60: 
47:00 49.5 | 1806 65: 
50:00 49,2 1795 | 70: 
55:00 48.6 nETAtS) (28 
60:00 48.3 1762 82: 
65:00 47.8 L744 90: 
70:00 47.5 33 95: 
75:00 47.3 1727 100: 
82:00 46.9 1712 105: 
89:00 46.7 1705 110: 
93:00 46.5 1697 124: 

111:00 45.9 1675 150: 

139:00 45.1 1646 172: 

147:00 Wh 7 1632 

162: 00 Wh 5 162) 

182:00 hh .O 1606 

190:00 43.8 1599 

195:00 43.6 1592 

212:00 43.5 1589 

220: 00 43.3 1580 

230:00 Ngee 1 Bonn 

240:00 43,1 1573 


(1) No. 22 torsion wire 
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THIXOTROPIC DECAY DATA = QUICK QUENCHED SAMPLES 


4.5 RPS 

















TIME RUN NUMBER TWO 
(min: sec ) 4.50 RPS 
















Shear Bob Shear 
Deflection Stress Deflection Stress 
(Degrees) x10! (Degrees) x10 
2 42 
(lbp /ft*) (1bp/ft") 





:10 143, 5¢2) 520 :10 146, 5(1) 5340 
215 139.0 5070 215 142..5 | 5160 
:20 13565 4950 : 20 ny 6 5015 
225 1335.5 4865 225 134.5 4900 
: 30 131.0 4780 | : 30 133,06 | 4850 
:40 128.5 4.690 240 130.0 WTS 
:50 126.5 4620 :50 129.0 4705 
1:00 12h 3 45LO 1:00 128.3 4.680 
1315 12k, 5 TETSIK@) 1:15 127.0 4635 
1: 30 119.6 4.360 1:30 124.5 W5u5 
1:45 118.0 4310 L:45 119.7 4.365 
2:00 115.3 4.210 2:00 125.5 4.220 
2:15 112.0 4.090 2:15 alta AC) 4o52 
2: 30 108.0 3940 2: 30 108.3 3960 
2:45 106.7 3890 2:45 105.8 3860 
3:00 104.5 3820 | 3:00 104.0 3795 
3:15 103.5 3780 3:15 102.5 3740 
3: 30 102.3 3740 3: 30 @2g, 3 3700 
3:45 101.0 3685 3:45 100. 3 3661 
4300 99.9 3650 4:00 99.3 3625 
4215 99.3 3620 he15 98.5 3596 
4: 30 98.5 3590 f 4: 30 Cie 3567 
beh5 98.0 3505 hehs ae a 
3:00 97-5 3555 | 5:00 96.8 3534 
5:30 96.5 3520 5:30 95.6 3490 
6:00 95.5 344.80 6:00 94.7 3457 
6: 30 94.7 34.60 6: 30 93.9 34.28 
7:00 94.3 3440 7:00 93.2 3403 
7:30 93.5 34.10 7:30 926) 3376 
8:00 93.0 3394 8:00 92.2 3365 
8: 30 92.4 3372 8: 30 91.5 3339 
9:00 91.9 3354 9:00 91.2 3328 
9:30 91.4 3336 9:30 90.5 3302 
10:00 91.2 3330 10:00 90.3 3295 
10: 30 90.5 3305 10: 30 90.0 3285 
11:00 90.3 3298 11:00 89.5 3267 
12:00 89.7 3276 12:00 89.0 3249 
13:00 88.9 326 13:00 88.5 3231 
14:00 88.5 3231 14:00 88,0 3213 
15:00 87.8 3205 15:00 87.6 3198 
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(1) No. 22 torsion wire 


4.5 RPS - (continued) 
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QUICK QUENCHED SAMPLE SHEAR STRESS GROWTH DATA 
0.3 RPS 


Gus ReShes | (min: sec) 
| Shear 


Deflection Stress Deflection Stress 


(Degrees) x10 P (Degrees) x10 : 
(1b,/ft ) (1b,/ft*) 


oo 





1) After 240 minutes shear at 0.8 RPS 
2) After 100 minutes shear at 0.8 RPS 
3) No. 24 torsion wire 
4) No. 24 torsion wire 
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QUICK QUENCHED SAMPLE SHEAR STRESS GROWTH DATA 














0.3 RPS 
TIME | PREVIOUS CUP SPerD || £TIM@ | PREVIOUS CUP SPEED 
(min: sec) eae (0 rps\) (min: sec) ___4,5 Rps(2) 
Bob “| Shear Bowie haat) 
Deflection Deflection 
(Degrees) (Degrees) 
£15 6.6(3) £15 494) 
1:00 6.6 1:00 hd 
2:00 Gay 2:00 5¥6(0) 
2:30 6.7 3:00 5.0 
3:30 ear h.: OO DS 
5:00 Cun 6:00 By8) 
7:00 6.8 8:00 Ben. 
10:00 6.9 10:00 B16) 
12:00 6.9 12:00 SD 
14: 30 6.9 14:00 5.6 
17:00 7.0 16:00 5.6 
19:00 10 18:00 5.6 
21:00 ene 20:00 iat 
2:00 7.0 22:00 NAG 
27:00 7.0 25:00 5.8 
30:00 eal 30:00 5.9 
35:00 aga 35:00 6.0 
37:00 Tae 40:00 6.0 
41:00 me 45:00 6.0 
45:30 es 50:00 6.1 
49:00 TS 55:00 6.1 
53:00 oS 60:00 6.1 
57:00 (=3 
60:00 G(o5) 
65:00 Tot 
71:00 Gh 
75:00 cd 
80:00 We 
90:00 Tod 
95:00 troll 
100:00 ent’ 





After 240 minutes shear at 2.0 RPS 
After 180 minutes shear at 4.5 RPS 
No, 22 torsion wire 
No. 22 torsion wire 









Seth rh am and 8 i eno ninpeaipyy tee! 


i Bearer am iN , a ere 
Ca aA Nites iF 4 V Be Vist RY af BY / i : en 


Oue 





iT 

ROE 
) 
Nh 


















i Lr) Be my t 
a 20m eC) 







7 


hae: ages 


ik 





i 

{ 

1 Ae 
oe aD 
Shee Gi td 





wii 
00 
WARM OOO. 
PUN A Bat |: 
NEN W Rnd pita, 
Ph ig AES 
ed nes i 
fey % tS 
Nhe gy ottbeey 
F i 





Pes 
en ee 





Sooo oO ame == 


— 
rs 





/ 
4 j aN 
; f } my) 
at hie rite 
re “) dp! 
} i 





cmuindidamianeaniinie 





| 
| 
| 
| 
wl 


nent CnC Rty rrera seen Gumeyre [Nsiiy teeny Relves lenin Wiverta simak yueaet: fren ume 





ty 
li yl 














U2 eee DAN 





QUICK QUENCHED SAMPLE SHEAR STRESS GROWTH DATA 


0.8 RPS 










PREVIOUS — mai cre TIME ~~ PREVIOUS ~ CUP SPEED | ; ea 
_2.0 RPS (min: sec) 2 5) RPS 
















Bob Shear. Bob ~ Shear _ 
Deflection Stres Deflection peace 
(Degrees) x 10%, (Degrees) x10+ 
(1bp/£t") ) (1bp/ft*) 


621 13,564) 493 
621 13.5 493 
62h. 13.6 496 
631 13.6 496 
631 13.6 1.96 
631 13.8 504 
635 14.0 511 
635 ial 515 
639 areal 515 
639 aa 515 
642 We 3 522 
639 14.4 526 
639 14.5 729 
6.2 14.6 533 
642 14.6 235 
64.2 WAY DB 
64.2 14.6 235 
14.7 Bey 
14.7 53 
ae, 537 
14.8 540 
14.9 5h) 
14.9 54) 
SO 548 
14.9 54h 
14.9 544 
14.9 Shy 


After 180 minutes shear at 2.0 RPS 
After 180 minutes shear at 4.5 RPS 
No. 22 torsion wire 
No. 22 torsion wire 


(1) 
(2) 
(3) 
(4) 
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QUICK QUENCHED SAMPLE SHEAR STRESS GROWTH DATA 











2.0 RPS 
_ PREVIOUS CUF) seo 7 
_ eboRES 
Bob Shear 
Deflection Stress 
(Degrees) | x10 

| (1bp/ft2) 
32.8 1197 
32.8 alaltohy 
32.8 | 1197 
32.9 | 2200 
32.9 es 1200 
33.0 | 120) 
elchaal 1208 
Bau2 | 1212 
33,4 1219 
33.5 pe ees 
33.7 1230 
33.8 | 1234 
33.8 1234 
33.86 lean eae 
33.9 Vo Oey 
34.0 gece | 
34.1 L2K5 
34.0 he age LA 
34.1 | L2k5 
341 L2h5 
34.2 eas) 
34.3 i 252 
3h. IESG 
3h. 4 | = 1256 
3h, Ub PP) Le BS 
35 1259 
34.6 1263 





(1) After 180 minutes shear at 4.5 RPS 
(2) No. 22 torsion wire 
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APPENDIX BIGHT 


SENSITIVITY ANALYSIS OF CORRELATION 


OF EXPERIMENTAL DATA USING THEORY 


OF THIXOTROPIC BEHAVIOUR (RITTER ) 
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The correlation equation of the Theory of Thixotropic Behaviour(1) may be 


written as: 





Ue = ake Tse tligee lies Mle =T7 5 

log (5S) = -ky (SO) log t - log (— ss—= ae) 
Ts0® = _ lso- T3020 Tan m1 Gs 
Wess 


Hence, on log-log coordinates, the above equation describes a linear re- 


lationship between the quantities 


FL a 
——_———— ana t 


age. 48 pes 
so / ‘sco 
with a slope of 


Teagetrd ase 


= as 


) 


Correlation of experimental data in terms of the above equation re- 
quires an estimate of Th i and for some thixotropic materials, an 


estimate of Ties Unlike the absolutely experimentally measured values of hee 


these three quantities are experimentally indeterminable in that they must 
be secondarily derived from experimental data. Consequently, data processing 
techniques must be used. The question then is, if an error is made in es- 
timation of any of these derivable quantities, what is the subsequent effect 
upon the predicted linear relationship? 

An attempt was made to answer this question on an analytical basis, 
but the resultant equations were too cumbersome. Hence, subsequent effort 
was devoted to direct analysis of an experimentally measured set of thixo- 


tropic data. This data is given below: 


od vam (.t)xvotwadad 9 
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‘Aly 


“8808 «elas 


H 





) (3 
Time (minutes) Shear Stress x 10 | (iee/se=) 


0.17 L475 
0.25 1385 
0.50 1275 
© 1160 
2.0 1070 
5.0 970 
10.0 910 
20.0 860 
50.0 790 
100.0 7.0 


It should be noted that the above data does not correspond to any 
tabulated results in this manuscript, being part of an earlier unreported 
investigational series. This fact is no consequence since the important 
consideration is that of relative effect. 

Specifically, the following cases were treated: 

(1) The limiting shear stress ( Vo = 650 x 107") and the Newtonian 
component (Ty = 305 x 107") were assumed to have been evaluated 
precisely; the initial shear stress was assumed to have three 
possible values (7, = 1660, 1710, and 1610 x 107", respectively). 


(2) The initial shear stress (7, = 1660 x 107") and the Newtonian 


component (TT, = 305 x 10°*) were assumed to have been evaluated 


precisely; the limiting shear stress was assumed to have four 

possible values (Too = 550, 600, 650, 700 x 107", respectively). 
(3) The initial and limiting shear stresses (1660 and 650 x 10n 

respectively) were assumed to have been evaluated precisely; 


the Newtonian component was assumed to have three possible values 


Cis = 200, 250 and 305 x 107", respectively). 


The results corresponding to correlation of the experimental data for these 


three cases are shown in Figures (8-A), (8-B) and (8-C), respectively. 


Hodrodertint “cot 





WH 


uh, 
i 


Hi 


AY 
AS nt 





The thixotropic rate decay constants, ky were calculated for each 
case by the formula; 


a ee To - Tso 
eS 
Ts0 A Ji S00 


)(slope of linear section of curve) (2) 


or in shorter terms: 
Ky. = MS; (3) 
where M, and Sj refer to the respective quantities in Equation (2), 


The tabulated values of Kp are: 











CASE 1 CASE 2 CASE 3 
Geno. ic, Tix 102 kp Ta tone. ie, 
1610 0.186 550 On7S 200 0.169 
1660 0.187 600 0.180 250 0.179 
1710 0.188 650 Onley 305 OnUsy, 
700 0.197 


Discussion of Results: 


The effect of a possible variation in aN is to simultaneously 


laterally shift and tilt the curve describing the experimentally correlated 
data. Alternately, the motion may be considered a rotation about a point 
somewhere to the extreme right. The effect of such motion upon the cal- 


culated values of Ky is slight, since although the individual curve slope 
changes for each case, a compensating change in M, is introduced. 


The effect of a possible variation in As is considerably more pro- 


nounced than that of a variation in Thor Consider the range of values of 


h 


Gi, (Gite e 550i “Obmto! 77/00) x 107") used. Then, if the curves describing 
(need 
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the experimental data are examined in sequence, starting at a value of 
Stes equal to 550 x 107", it will be noted that not only does the slope of 
the experimental plot increase as Ne decreases, but also that the plot 
gradually degenerates into a curve. The effect of such behaviour on the 


subsequently calculated values of k 


A is apparent after investigation of the 


previous table. 


The effect of a variation in Th on the experimental data plots is 
similar to that of a variation in Gigs (i.e. a lateral shift and tilt). How- 
ever, Since M; increases significantly faster than S; decreases as ali 


increases, calculated valuesof Ky increase correspondingly. 
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APPENDIX NINE 


PROCESSED AND COMPUTED RHEOLOGICAL DATA 
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SLOW COOLED SAMPLES 


PROCESSED AND COMPUTED RHEOLOGICAL DATA 


2.0 RPS 4,5 RPS 


Cup Speed 





a oe % (*) % Gv. 
E Soa aa @ 
720 | 21.45 1307 | ae 3920 
612 | 21.32 1134 2 | 3495 
567 | 21.24 1070 6 3330 
538 | 21.23 1020 141.6 3200 
0 500 | 21.21 95) 141.4 3025 
.0 465 | 21.19 897 a3) |) 12605 
0 433 | 21.17 836 gil 2680 | 
40 O08 =))-21 415 796 141.0 2565 
.0 387 al2l 115 760 141.0 | 2450 
0 367 pimel 213 726 .8 2350 
40 352 sige 613 690 8 12260 
.O 325 «(21.11 649 AOR 2155 
70 318 | 21.0 638 | THOwy | eso | 
250 | 21.0 520 a5 1860 
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O. 
0. 
0. 
0. 
0. 
O. 
0. 
0. 
QO. 
O. 








* All quantities to be multiplied by 10", 
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* All quantities to be multiplied by 10 
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BRROR ANALYSIS - SLOW COOLED SAMPLES 


Prediction Equations: 


Shear Rate Correlation Equation 
25 sec") log M = -0.245 log t - 0.886 
60 sec log M = -0.247 log t - 0.886 
-1 
150 sec) log M = -0.244 log t - 0.886 
300 sec log M = -0.234 log t - 0.886 
lis Gall 60d 
where M.= a ( ) 
Tso 7" 
F s 
sec 








MGS} 


Average 


Overall Average Error = 1.8% 


* All quantities to be multiplied by 104 
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QUICK QUENCHED SAMPLES - UNSMOOTHED EXPERIMENTAL DATA CASE 


PROCESSED AND COMPUTED RHEOLOGICAL DATA 


0.8 RPS 
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be samle 
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OD0000000 


25 Sec7+ Shear Rate 





* All quantities to be multiplied by 16" 
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Time 2 
(min) 1 he | Pe ma (sot 
| rs) s $00 4 s 

| ‘T sco 

1970 L475 7500 

1820 1325 7650 

1720 1225 7750 

1615 1120 7855 

14.70 SIT) 8000 

1290 795 8180 

1100 605 8370 

970 475 8500 

870 375 8600 

805 310 8665 

ied 8745 
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* All quantities must be multiplied by 10 
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ERROR ANALYSIS - QUICK QUENCHED SAMPLES 


UNSMOOTHED EXPERIMENTAL DATA CASE 


Prediction Equations: 


Shear Rate 
._i? 3 Sa Correlation Equation 
25 Seok log M = -0.313 log t - 0.892 
60 sec) log M = -0.324 log t - 0.892 
150 sec) log M = -0.349 log t - 0.892 
300 sec log M = -0.325 log t.- 0.892 


a a 


|Error|% 
Neos Trrxep 





Average = 6.1 





150 sec 


|Error]| 
me] Pare Po 








Overall Average Error = 4.9 
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QUICK QUENCHED SAMPLES - SMOOTHED EXPERIMENTAL DATA CASE 


PROCESSED AND COMPUTED RHEOLOGICAL DATA 


Cup Speed 





=) 
* All quantities must be multiplied by 10 
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60 Sec™ Shear Rate 
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150 Seo7 Shear Rate 


(min) Si ae a - Thy 





* All quantities must be multiplied by 10 
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300 Seo” Shear Rate 








apn 
(min) “T* a ane -T* 00 Daas = 
Soo 
2985 20800 0.144 
2625 21160 0.1245 
2325 21460 0.1085 
1945 21840 0.0890 
1625 22160 0.0735 
L2k5 22540 0.0553 
1025 22760 0.0452 
84.5 22940 0.0368 
Th5 23040 0.0324 
615 23170 0.0266 
465 23320 0.0200 
“Tx = 1015 Te = 60 
soo _b 





=), 
* All quantities must be multiplied by 10 
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BRROR ANALYSIS = QUICK QUENCHED SAMPLES 


SMOOTHED EXPERIMENTAL DATA CASE 


Prediction Equations: 


Shess Rate Correlation lguation 
25 sec™! log M = -0.270 log t - 1.022 
60 sec™! log M = -0.287 log t - 1.022 

150 sec log M = -0.296 log t - 1.022 

300 sec? log M = -0.286 log t - 1.022 

Ape 
where: M = ( = 5 Tse ) 


Pred} Exp 


22.20 k 





ah 
* All quantities to be multiplied by 10 
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APPENDIX TEN 


TABULATED CALCULATIONS FOR PIPELINE 


FLOW OF THIXOTROPIC MODEL 
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FIGURE 10-B 














Shear Stress versus Cup Speed with 
Temperature as a Parameter 
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SUMMARIZED DATA ON PIPELINE FLOW OF MODEL 


(5.25% Parawax in CWO) 


Velocity AP 
(fps) NRE cf {TF )pst /mite 


Solvent Oil (CWO ) Case: 





pp = 19.1 ep 
0.5 1,040 0.0154 0.97 p = 53.4 1b,/ft? 
1 Omens O80 0.0077 1.94 ie eae 
DO 1160 0.0098 9580 ea 1.01 fps (Transition) 
5.0 10,400 0.0075(7) 45.5 
10.0 20,800 0.0064 156.0 
Sheared While Cooling to Test Temperature: t = 0 
yw = 27.4 ep 3 
0.5 725 0.022 1.33 p = 53.4 1b,/ft 
EC) 1,450 0.011 | 2.67 at sae 
eIn(8) 2,900 0.0090 1) S.76 te vel. 5 fps (Transition) 
5.0 7,250 0.008441 51.0 
10.0 14,500 0.007242) 172.0 
t+ = 60 minutes 
» = 41.0 ep 
p = 53.4 1b,/ft2 
O25 485 0.0330 2.02 
EO) 970 0.0165 Tz) 
2.0 1,940 0.0083 8.0 £ : 
3.5 3. 100 6 ele fi Pl aaecmmaan Gis 2.16 fps (Transition) 
5.0 4,850 0.0095(7) 57.5 
10.0 9,700 0.0079 192.0 
Slow Cooled Case: t= 0 lb 
os b = 3460 x 107 
su= 10.62 
0.5 77-5 0.209 Tea p = 53.4 lom/rt> 
1.0 202 ~—s-0.0793 19.2 Nan 7 202). 389 
2.0 531 0.0303 29.5 
aoe Weee erat coheed v = 7.0 fps (Transition) 


(1) Obtained from friction factor plot - Knudsen and Katz "Fluid 
Dynamics and Heat Transfer" McGraw-Hill (1958) p.176 


i, \) 7. 
AS MGR ASR Bly yo 
Bee Uplate teas 


O 
tne 
Oh a 





AP 
v Neg f (=) 
t_=00 b 
s 
0.5 360 0,0443 3.9 0 
1.0 600 0.0266 6.5 N 
2.0 ss “ : an 
3.0 - - ay f 
5.0 4540 0.006562) Sol 7a a 
10.0 10,900 0.0050(2 122 
Quick Quenched Case: t= 0 
b 
s 
0.5 26.6 0.602 36.7 0 
130 77.0. 0.209 50.7 tee 
2.0 223 0.0717 69.5 
5.0 925 0.0173 105 
10.6 . 2,740 0.00582 141 
SS eS) b 
; Ss 
167 0.096 5.83 0 
418 0.0384 9. 34 Nor 


0.5 

LO : 
2.0 1,050 0.0152 14.8 
4.o = 2, 640 0.00605, 5) 23.5 
7.0 5,520 0.0050 (5 
24O) i 200 0,0038 


(2) As obtained from friction factor plot of 


852 x 1074 
0.742 

53.4 lbm/ft> 
600 vi. 258 


tou oii 


3.58 fps (Transition) 


0.450 
53.4 lbm/ft 


Ul 


10.6 fps (Transition) 
1450 x 107+ 
0.675 
53.4 1om/Pt3 
yi Bvl + 325 


1 en | 


Ht 


4,45 fps (Transition) 


Shaver-Merrill(4) 
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